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GRADUATE School of Public Health 
of the University of Pittsburgh takes pleas- 
ure in welcoming all of the participants in 
this Symposiitum on The Mode of Action of 
Lipotropic Factors in Nutrition to our campus 
and to our city. As most of you know, we are 
indebted to The National Vitamin Foundation 
for joint sponsorship of this Symposium, that 
51 per cent of sponsorship in fact, which has 
provided the wherewithal to permit us to gather 
here today to take stock of our knowledge in 
this important field. I’m sure that all of you 
join me in paying my compliments to Dr. 
Robert S. Goodhart, the Scientific Director 
of The National Vitamin Foundation, who has 
been instrumental in the organization of at 
least two such Symposia per year for the past 
several years. These Symposia have provided 
a meeting place for the basic scientist and the 
clinician working in various fields of nutrition 
to appraise current research and exchange 
views. Experimental and clinical nutrition 
are fields in which the workers not only profit 
from better communication between their re- 
spective groups but also gain enrichment from 
intimate contact with the respective basic and 
clinical disciplines which underlie them. This 
cross fertilization is one of the dividends which 
has emerged from these Symposia in the past 


and I am hopeful that such dividends may be 
forthcoming from this Symposium as well. 
With regard to the subject under discussion, 
the mode of action of lipotropic factors, we might 
recall that the field was opened by the dis- 
covery of Allan ef al.' that depancreatized dogs 
maintained with insulin developed fatty livers. 
Subsequently, Best and Hershey? showed that 
raw pancreas supplements to the diet of 
depancreatized dogs protected against fatty 
liver and that the active principle was lecithin. 
The production of ‘dietary fatty liver’ in 
the rat by Best and Huntsman® and the dem- 
onstration that choline was the active lipotropic 
agent in lecithin, opened the way for hundreds 
of productive investigations of the role of spe- 
cific dietary nutrients in the control of fat con- 
tent of the liver in this species. It is somewhat 
ironic that although the replacement of pan- 
creas in the diet of the insulin-treated depan- 
creatized dog prevented the fatty liver which 
ordinarily developed, it did so for a different 
reason than that of the intact functioning 
pancreas. As more recent studies have shown, 


* Presented at the Symposium on Mode of Action 
of Lipotropic Factors in Nutrition at the University of 
Pittsburgh, October 22-23, 1957, with the cooperation 
of The National Vitamin Foundation, Inc., New York, 
New York. 
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the intact pancreas supplied proteolytic en- 
zymes essential for the liberation of methionine 
from dietary protein‘ whereas the dietary pan- 
creatic tissue supplied choline which produced 
the same hepatic effect. An explanation for the 
sometimes clear,’ sometimes enigmatic, inter- 
relationship of choline and methionine in 
influencing liver lipid content, lipid transport, 
kidney structure and function and even vascu- 
lar integrity will most certainly be the con- 
cern of many of the essayists in this Symposium. 

The term lipotropic is derived from the Greek 
lipos meaning “fat” and the Greek trope 
meaning ‘‘turning.” Literally, it means the 
“turning of fat.” It was first used by Best, 
Huntsman, and Ridout in one of their early 
papers. As originally defined ‘‘lipotropic”’ 
compounds were those substances which ‘‘de- 
creased the rate of deposition or accelerated 
the rate of removal of liver fat.’”’ ‘Through 
common usage, the term has been applied to 
the action of substances upon histologically 
visible fat in any tissue which ordinarily 
does not have visible fat present. I am hope- 
ful that we shall return, in this Symposium, 
to a more literal use of the term. I suggest 
that we think in terms of the relationship 
of this group of nutrients to the “turnover of 
lipid” in the dynamic sense—considering 
their role in various processes by which lipid 
is synthesized, enters, becomes visible, is 
oxidized or leaves the organ under considera- 
tion. 

This Symposium was planned to embody a 
dual progression: from enzymology to physi- 
ology—and from animal to man. This morn- 
ing Dr. Stekol will tell us about the biosynthe- 
sis of ‘‘labile’’ methyl groups, transmethyla- 
tion and the biosynthesis of choline. Dr. Ken- 
nedy will next review his important contribu- 
tions dealing with the enzymatic synthesis of 
phospholipid from choline. Next, Dr. Artom 
will review for us the evidence that lipotropic 
factors play a role in the oxidation of fatty 
acids and Dr. Zilversmit will present data on 
the role of lipotropic factors in the turnover 
of phospholipids. 

We shall then turn to animal nutrition for 
a consideration by Dr. Harper of the dietary 
factors which influence liver fat deposition in 
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the rat and a discussion’ by Dr. Wells of the 
effects in the animal of antimetabolites to the 
lipotropic factors. Dr. Griffith will review 
his classical work on the renal lesion in choline 
deficiency and Dr. Wilgram will define the 
role of the lipotropic factors in maintaining 
the integrity of the heart and vascular tree 
in the rat. 

We then plan to take a great leap from the 
experimental to the clinical situation and con- 
sider the information which is available about 
fatty liver in man. Dr. Frenk will discuss 
kwashiorkor and marasmus in children and 
Dr. Gabuzda fatty liver in adults. Next, 
Dr. Labecki and I shall contemplate the evi- 
dence which ascribes a role to these factors in 
controlling the blood lipids in man. 

When the last word is said, it is doubtful 
that we shall have answered the question posed 
by this Symposium in entirety. If some ques- 
tions are answered, if a clearer definition of the 
problem is obtained, if ideas about new ap- 
proaches to the problem are sparked from the 
discussions, then this meeting will be well 
worth while. Further research is essential to 
answer many questions, particularly those 
dealing with the relevance of the results of 
animal experimentation to man. The etiology 
and pathogenesis of fatty liver in the human 
are still not known with certainty. Further, 
the relationship of liver function in man to 
the pathogenesis of atherosclerosis in states of 
under- and overnutrition is a field which de- 
mands further thorough and systematic ex- 
ploration. 

At present, however, unprecedented oppor- 
tunities exist for the study of liver function 
and metabolism in man. Safe procedures for 
liver biopsy, micromethods for enzyme assay, 
access to hepatic venous blood via cardiac 
catheters, isotopic methods for the study of 
intermediary metabolism, and knowledge to 
achieve highly specific dietary control are 
realities and should provide an exciting chal- 
lenge to the clinical investigator working in this 
field. 

Finally, since research and teaching go hand 
in hand in most medical centers, it seems to 
me that the field of clinical nutrition provides 
an avenue for the teaching of ‘‘comprehensive 
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medicine’ which is not available in many other 
fields of medicine. The recent emphasis upon 
consideration of the “total man” in modern 
medical schools has meant improved coverage 
in breadth—i.e., of the social and behavioral 
aspects of the clinical problem in addition to 
the conventional study of the medical history, 
physical examination, and the common lab- 
oratory parameters. I should like to suggest 
that there is another dimension which should 
be covered in the approach to the “‘total man”’ 
and that is the vertical plane via which one 
uncovers the processes of cellular physiology 
which underlie the clinical syndrome. The 
field of nutrition not only has its behavioral 
overtones but is undergirded with a wealth 
of information about the function of the nu- 
trients in cellular physiology and their re- 
lation to intermediary metabolism. I hope 
that the range of subject matter embraced by 
this Symposium—from the origin of the C,- 
fragment to the pathogenesis of fatty liver 
in the chronic alcoholic will provide a pano- 
ramic view of what the field of nutrition has 
to offer to both the advanced researcher and 
to the student of medicine. 


INTRODUCTION 


—ROBERT E. OLSON, PH.D., M.D. 
Dept. of Biochemistry and 
Nutrition 
Graduate School of Public Health 
University of Pittsburgh 
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Biosynthesis of Choline and Betaine 


Jaxos A. STEKOL, M.A., SC.D.* 


HE PREVALENT hypothesis of the biosyn- 

thesis of choline states that ethanolamine 
is methylated im vivo by the stepwise transfer 
of the methyl group of methionine. This hy- 
pothesis was outlined by Jukes' and Artom?in a 
schema which is shown in Figure 1. The 
ethanolamine moiety of choline is formed 
from serine by decarboxylation. Ethanola- 
mine is then presumed to be methylated in a 
stepwise fashion by the specifically activated 
methyl donor, namely ‘‘active methionine,” to 
give successively, methylaminoethanol, di- 
methylaminoethanol, and finally choline. 

We shall review briefly the experimental data 
upon which this schema was based, and later 
we shall present additional information which 
does not seem to fit into this schema. 


SYNTHESIS OF ETHANOLAMINE FROM SERINE 


Stetten* demonstrated the appearance of N™® 
of glycine-N™ and serine-N” in the ethanol- 
amine moiety of tissue choline. The forma- 
tion of ethanolamine from glycine proceeds via 
the intermediate formation of serine, followed 
by the decarboxylation of the latter. Levine 
and Tarver‘ have shown that in animals re- 
ceiving serine-3-C'* the isotope appeared in tis- 
sue ethanolamine, while none of the isotope of 
glycine-1-C'* was found in the tissue ethanol- 
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amine.® It is presumed that the enzymatic 
system which is involved in the decarboxyla- 
tion of serine to ethanolamine. is a pyridoxal 
phosphate-dependent system. According to 
this assumption, choline synthesis in the pyri- 
doxine-deficient animals should be impaired. 
This was found to be the case in intact pyridox- 
ine-deficient rats,® suggesting that an impedi- 
ment in the decarboxylation of serine to etha- 
nolamine in this deficiency impairs the utiliza- 
tion of the methyl group of methionine for 
choline biosynthesis. 


HYPOTHESIS OF STEPWISE METHYLATION OF 
ETHANOLAMINE 

The production of fatty livers in rats which 
were maintained on diets deficient in choline,’ 
and the alleviation of the fatty infiltration of 
the liver by diets high in protein or methioine® 
could be considered the major observations 
upon which all subsequent developments in re- 
gard to the mode of choline biosynthesis have 
been based. The first clear-cut theory, based 
on nutritional and biochemical evidence, was 
proposed by du Vigneaud and associates® in 
which the new concept of transmethylation 
was announced. This concept, elaborated 
and corroborated over a span of years, stated 
that the methyl groups of choline originate in 
vivo via a direct transfer of the intact methyl 
group of methionine to an acceptor, ethanol- 
amine, and that this process is reversible, i.e., 
the methyl groups of choline are the source of 
the metiyl group of methionine im vivo on diets 
containing homocystine." This biologically 
migrating group was named the ‘‘labile methyl 
group,” and the process of its migration in 
vivo was named “‘transmethylation.’’ On the 
basis of evidence available at that time it was 
further stressed that this labile methyl group 
is indispensable in the diet of animals. The 
evidence for this assertion overwhelmingly 
favored it, the only disagreement being whether 
to classify choline as a vitamin, along with the 
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CO0.CH(NH;).CH,OH 
serine 
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gly activated CH; 
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sarcosine 


(CH,)2. NH.CH:.COO 
dimethylglycine 


\ 


(CH;);.N.CH:.COO 
betaine 


CH;.NH:2.CH:.CH,OH 


( / NH.CH,OH 


(CHs)s. N. i N. CH:.CH,OH 


betaine aldehyde 
Fig. 1. 


status of a ‘labile methyl donor,” or as an in- 
dispensable lipotropic nutrient. This some- 
what teleologic argument, unsettled as yet in 
some textbooks, did not, however, affect the 
consensus that choline is indispensable in the 
diet of animals, unless sufficient methionine was 
present in the diet to cover adequately the need 
for growth and biosynthesis of choline via 
transmethylation. The labile methyl group 
itself, however, was ruled unsynthesizable de 
novo. 

The chick, on the other hand, exhibited an 
absolute requirernent for choline in the diet," 
unless the diet contained dimethylamino- 
ethanol as well as methionine.'? Ethanola- 
mine or methylaminoethanol, in lieuof dimethyl- 
aminoethanol, as the acceptor of the methyl of 
methionine, would not satisfy the chick. 
These and similar data on guinea pigs'® indi- 
cated that these species are unable to synthe- 
size dimethylaminoethanol from ethanolamine 
or methylaminoethanol and methionine, and 
that a genetic block existed in the guinea pig 
and in the chick which prevented the methyla- 
tion of ethanolamine by methionine to give 
choline. Horowitz observed that in certain 
mutants of Neurospora genetic biochemical 
blocks exist which prevent the biosynthesis of 


A schema for the stepwise methylation of ethanolamine by methyl of methionine via transmethylation. 


choline 


methylaminoethanol or dimethylaminoethanol 
from ethanolamine and methylaminoethanol 
respectively. These observations together 
with those on the chicks, described above, fur- 
nished the main basic facts upon which the 
theory of stepwise methylation of ethanolamine 
via transmethylation from methionine was for- 
mulated. The important point to note is that 
although the Neurospora experiments revealed 
a stepwise formation of the methyl groups of 
choline, no evidence was provided in these ex- 
periments that such a stepwise formation of the 
methyl groups of choline proceeded in the mold via 
the process of transmethylation from methionine. 
These experiments on Neurospora only indi- 
cated that the stepwise formation of the methyl 
groups of choline is substrate-specific, being a 
function of genetically controlled and enzymat- 
ically distinct reactions. In spite of these im- 
plications it was generally assumed that the 
sole source of the methyl groups of choline was 
methionine. 

It should be pointed out, however, that at 
the time no other conclusion was feasible, be- 
cause the de novo synthesis of the labile methyl 
group was unacceptable, and the available evi- 
dence for the de novo synthesis of the labile 
methyl group was attributed to the activity of 
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the intestinal flora. As late as 1949 it was still 
asserted by the principal investigators in this 
field that the labile methyl groups of choline 
and methionine could not be synthesized de 
novo by the animal organism. 

With the experimental evidence provided in 
1949 and since that time to the effect that the 
methyl groups of choline and methionine can 
arise de novo from numerous dietary compo- 
nents, otherthan methionine, choline, or betaine, 
it became imperative to review experimentally 
the prevalent concept of choline biosynthesis. 
This was particularly desirable in view of some 
evidence which indicated that the de novo syn- 
thesis of the labile methyl group depends on the 
availability of dietary vitamin By and folic 
acid. 

As often happens when newly discovered 
facts emerge in regard to a generally accepted 
hypothesis, a certain amount of confusion de- 
veloped around the theory of transmethylation 
and its role in choline biosynthesis. If the 
methyl groups of choline depend in their neo- 
synthesis on vitamin By, how then can one 
reconcile this fact with the formation of choline 
from methionine on diets which were appar- 
ently free of this vitamin? Is the methyl of 
methionine still the sole source of the methyls 
of choline, or can the neosynthesized methyls 
of choline arise via some intermediate other 
than methionine? Is it possible then that the 
methyl of methionine arose de novo via the in- 
termediate formation of some other metabo- 
lite? Or are we to assume that regardless of the 
nature of the compound which carries a N- 
methyl, S-methyl, or C-methyl group, which 
was synthesized de novo, this methyl group arose 
first in methionine and then was transferred 
from methionine by the process of transmethyl- 
ation? Thus, the N-methyl, S-methyl, and 
C-methyl groups would have a common origin, 
namely methionine. Such a view seems to 
have found favor with some reviewers of the 
subject.” There are some facts, however, 
that do not seem to fit into this generalization. 
For instance, the methyl group of thymine is 
readily synthesized from formate or serine- 
3-C', but not from methionine.“ However, 
5-hydroxymethyleytosine gave rise to thy- 
mine." As we shall see presently, in the folic 
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acid-deficient rats the methyl of methionine 
is not readily transferred to either ethanol- 
amine or methylaminoethanol to give choline, 
although folic acid, or its biological equivalent, 
is not a cofactor in the process of transmethyla- 
tion to or from methionine.*:* Noland and 
Baumann!* reported that roaches fail to grow 
or survive on a diet free of choline. Choline 
may be substituted by betaine, but not by 
ethanolamine, methionine, or dimethylamino- 
ethanol. However, methionine and dimethyl- 
aminoethanol, given together, were partially 
effective. According to Artom,? “it would ap- 
pear, therefore, that at least in these insects the 
transfer of methyl groups to ethanolamine and 
methylamino-ethanol occurs from betaine but 
not from methionine. It may be noted that 
previous results on the synthesis of choline by 
liver tissue incubated with ethanolamine and 
methionine” have been questioned recently.”! 
These and other considerations led Artom? to 
remark that ‘as for stepwise methylation of 
ethanolamine to choline, it should be pointed 
out that evidence for such a process is still 
quite indirect and perhaps susceptible of some- 
what different interpretation.’’ Considera- 
tions of a laboratory synthesis of dimethyl- 
aminoethanol from methylaminoethanol and 
formaldehyde led Mackenzie”? to speculate 
about the possibility that in the im vivo syn- 
thesis of choline only one methyl of methionine 
is transferred to an acceptor, while the other 
two methyls of the acceptor could possibly 
arise in vivo by a process analogous to that 
employed in the laboratory synthesis of di- 
methylaminoethanol. 

The facts and considerations cited above 
should not be construed as evidence against 
the well substantiated theory of transmethyla- 
tion, namely, the transfer of an intact methyl 
group of methionine in certain biochemically 
distinct and enzymatically definable reactions. 
Some of such enzymatically definable reactions 
which are involved in the biosynthesis of cho- 
line, creatine, N’-methylnicotinamide, etc., al- 
most certainly proceed via the process of 
transmethylation. The careful experiments of 
du Vigneaud and associates, employing intra- 
molecularly-labeled methionine (C* and deu- 
terium), demonstrate, within the limits of ac- 
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curacy of the analytical methods used, that 
whenever such a transfer of the methyl of 
methionine in vivo takes place, the group mi- 
grates to an acceptor intact, without any meas- 
urable alteration in the ratio of its carbon to 
hydrogen. These experiments, however, do 
not prove, and they were not designed to prove, 
that in the case of the biosynthesis of choline 
all three methyl groups of choline arose in vivo via 
transmethylation from methionine, or that such 
migration of intact methyls of methionine took 
place via the above mentioned stepwise methyl- 
ation, illustrated in Figure 1. The chemical 
analytic procedure employed in the degrada- 
tion of the isolated choline involves the forma- 
tion of trimethylamine which is then assayed 
for its total isotope content. This procedure 
precludes the possibility of isotope assay in 
each of the three methyl groups of choline in order 
to find out whether the isotope of the tri- 
methylamine moiety of choline is evenly dis- 
tributed among the three methyl groups, as is 
generally assumed. Had only one, two, or all 
three methyl groups of choline originated from 
methionine via transmethylation, the analyti- 
cal results for the ratio of C'* to deuterium in 
the methyls of choline would have been the 
same.”* 

The problem before us, therefore, is to as- 
certain whether the process of transmethyla- 
tion from methionine to choline is the exclusive 
process in the biosynthesis of choline, or 
whether the process of transmethylation from 
methionine is only one of the essential steps 
in the synthesis of its methyl groups. As can 
be readily seen, posing the problem of biosyn- 
thesis of choline in this way does not in any 
way exclude the participation of the process of 
transmethylation from methionine to choline. 
It merely attempts to define the place for the 
process of transmethylation in the sequence of 
reactions which at the same time with trans- 
methylation generate de novo the methyl groups 
of choline. 

We shall now proceed with the presentation 
of data bearing on this problem obtained in 
our laboratory with the cooperation of Drs. 
S. Weiss, E. I. Anderson, Peng Tung Hsu, and 
M. Toporek, and Miss P. Smith, Miss A. 
Watien, and Miss K. W. Weiss. 
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VITAMIN Bu AND FOLIC ACID IN 
TRANSMETHYLATION REACTIONS 

It appeared to us essential to establish first 
whether vitamin By. and folic acid, or their 
biologic equivalents, play a role in trans- 
methylation reactions to or from methionine. 
In these studies we employed rats, chicks, and 
several strains of mice. The data, briefly 
summarized in Table I, show that the de- 


TABLE I 


Vitamin By in the Synthesis of Choline from 
Methionine-CH;-C"* 


Standard specific activity 
of choline X 


Vitamin Bi- 


Animal Normal deficient 
Rat 35.0 47.0 
Mouse 30.0 31.6 
Chick* 21.0 17.3 


* The diet contained homocystine and dimethylaminoethanol. 

Choline was isolated from the entire carcass 4 hours (mice) 
and 20 hours (rats and chicks) after the injection of radiomethyl- 
methionine. 

t “Standard Specific Activity’’ is the relative specific activity 
of the isolated metabolite divided by the dose of the radioisotope 
injected in mmol/100 g weight of the animal. 


ficiency in vitamin Bj. in these animals has no 
measurable effect on the extent of incorporation 
of the radiomethy]l group of methionine into the 
phospholipid choline.® 

The data in Table II show that the deficiency 
in vitamin B,2 also had no measurable effect on 
the extent of incorporation of the C' of the 
methyl groups of choline or betaine into tissue 
methionine.'* These results were not in accord 
with those of Ericson, et al.24 who claimed to 


TABLE II 


Vitamin By in the Synthesis of Methionine from 
Choline-CH;-C' and Betaine-CH;-C!* 


Standard specific 
activity of methio- 
nine 

Vita- 

Isotope min Br- 

Animal injected* Normal deficient 
Rat Betaine-CH;-C'* 2.56 2.91 
Choline-CH;-C'* 0.26 0.28 
Chick Betaine-CH;-C' 7.40 7.20 
Choline-CH;-C!* 2.12 2.20 
Mouse Betaine-CH;-C'* 3.22 3.24 
Choline-CH;-C!* 0.33 0.38 


* Methionine was isolated from the entire carcass 4 hours 
(mice) and 20 hours (chicks and rats) after the injection of the 
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TABLE III 


Folic Acid in the Synthesis of Methionine from Betaine- 
CH;-C'* 


Standard specific activity of 
methionine X 100 


Folic acid- 
deficient 


3.00 
3.10 
7.60 


* Methionine was isolated from the entire carcass 4 hours 
(mouse) and 20 hours (rats and chicks) after the injection of 
radiobetaine. 


have observed a reduction in the activity of be- 
taine transmethylase in the livers of vitamin 
By-deficient rats. These workers also claimed 
to have resolved betaine transmethylase into an 
apoenzyme and a cofactor fraction, although 
the cofactor fraction proved to be free of vita- 
min By: activity. The- resolution of betaine 
transmethylase into the cofactor and an apo- 
enzyme fraction could not, however, be con- 
firmed. 

The data in Table III show that the extent 
of incorporation of the radiomethyl group of be- 
taine into tissue methionine in rats, mice, and 
chicks is not inhibited by the deficiency in folic 
acid. On the basis of these data and those 
shown in Tables I and II we concluded that 
neither folic acid nor vitamin By» is apparently 
involved in the in vivo transfer of the methyl 
group to or from methionine in the rat, the 
mouse, or the chick." 

We next examined the extent of utilization 
of the radiomethyl group of methionine and 
betaine in the synthesis of choline in folic acid- 
deficient animals. It has already been known 


TABLE IV 


Folic Acid in the Synthesis of Choline from Methionine- 
CH;-C™ and Betaine-CH;-" 


Standard specific 
activity of choline 
xX 100 


Tsotope injected* deficient 


Methionine-CH;-C' 14.0 
Betaine-CH;-C'™ 17.0 
Mouse Methionine-CH;-C!* ; 19.0 

Betaine-CH;-C!* 12.0 


* Choline was isolated from the entire carcass 4 hours (mice) 
and 20 hours (rats) after the injection of isotopes. 
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that the deficiency in folic acid produces severe 
fatty infiltration in the livers of rats, suggesting 
a limited synthesis of choline in this deficiency.” 
The data in Table IV show a marked inhibition 
of the extent of incorporation of the radio- 
methyl groups of methionine and betaine into 
the phospholipid choline in animals which 
were deficient in folic acid. Since, as has been 
shown in Table III, the synthesis of methio- 
nine from betaine was not inhibited by the de- 
ficiency of folic acid, it was apparent that the 
inhibition of choline biosynthesis from betaine 
was a result of some aberration in the utiliza- 
tion of methionine that was formed from be- 
taine. Previous data excluded the participa- 
tion of folic acid or of its biologic equivalents in 
the transmethylation reactions involving me- 
thionine, and the biosynthesis of ethanolamine 
from serine does not depend on folic acid as the 
cofactor in the decarboxylation of serine. We, 
therefore, interpreted the observed inhibition 
of the incorporation of the radiomethyl group 
of methionine into choline by the deficiency in 
folic acid as being due to an inhibition of bio- 
synthesis of the direct acceptor of the methyl 
group of methionine.’ As already stated, this 
direct acceptor of the methyl of methionine 
could not have been ethanolamine, since its 
formation does not depend on folic acid or its 
derivatives. It was, however, possible that the 
deficiency in folic acid produces an inhibition in 
choline biosynthesis from methionine indirectly . 
possibly via an inhibition of synthesis of fac- 
tors or cofactors which are directly concerned 
with the transfer of the methyl of methionine 
to choline. It should be noted at this point 
that the deficiency in vitamin By or in folic 
acid in these animals had no measurable effects 
on the extent of incorporation of choline into 
tissue phospholipids, ruling out the possibility 
that the deficiency in folic acid curtailed the 
synthesis of a factor or cofactor which is con- 
cerned in the formation of phospholipids from 
choline. This was an important point to es- 
tablish, because in all our studies on the bio- 
synthesis of choline phospholipid choline was 
the material investigated. 

In the following experiments, frankly of ex- 
ploratory nature, we set out to ascertain the 
possible reasons for the inhibition of the utiliza- 
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tion of the radiomethyl group of methionine for 
choline formation in the folic acid-deficient 
animals, and to explore the possible nature of 
the direct acceptor of the methyl of methionine, 
the biosynthesis of which in the folic acid de- 
ficient animals, we believed, was inhibited. 
Employing the folic acid-deficient rats, we 
next examined the effects of administration to 
these animals of ethanolamine, methylamino- 
ethanol or dimethylaminoethanol on the extent 
of biosynthesis of choline from radiomethyl- 
methionine. The data in Table V show that 
the simultaneous administration of ethanola- 


TABLE V 


Folic Acid in the Synthesis of Phospholipid Choline 
from Choline-CH;-C'* and Methionine-CH;-C'* 


| Standard 
specific 
activity 
of choline 
x 100 
Nonisotopic Folic 
supplement acid- 
injected with Nor- defi- 
Isotope injected* isotope mal cient 
Choline-CH;-C™ None 73.0 | 76.0 
Methionine-CH;-C!* | None 30.0 | 18.4 
Aminoethanol 17.8 
Methylamino- —- 20.0 
ethanol 
Dimethyl- — 38.8 
amino- 
ethanol 
" Citrovorum fac- | 29.8 | 34.8 
tor 


* 0.003 mmol of isotope material per 100 g weight of the rat 
alone or together with 0.1 mmol of the nonisotopic methionines 
were injected intraperitoneally in a single dose. 0.1 mg. of Citro- 
vorum factor (Leucovorin, Lederle) was injected 2 hr before the 
injection of the radiomethionine. All animals were sacrificed 1 
hour after the injection of the isotopes, and choline was isolated 
from the entire carcasses. 


mine or methylaminoethanol and radiomethyl- 
methionine to folic acid-deficient rats did not 
improve the biosynthesis of choline. On the 
other hand, the simultaneous administration 
of dimethylaminoethanol or of the Citrovorum 
factor and radiomethylmethionine to the same 
rats promptly increased the extent of choline 
formation. These data suggested that the 
deficiency in folic acid in rats inhibited the 
biosynthesis of dimethylaminoethanol, and that 
the latter is the direct acceptor of the methyl 
group of methionine in vivo. Folic acid or its 
biological equivalent, however, is not involved 
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in the transfer of the methyl group of methio- 
nine to dimethylaminoethanol.*% Previous 
studies by du Vigneaud and associates,” 
employing deuterium-labeled dimethylamino- 
ethanol, indicated an efficient synthesis of tissue 
choline in normal rats from dimethylamino- 
ethanol, the extent of incorporation of the 
labeled dimethylaminoethanol into tissue cho- 
line being of the order of 80 per cent of the ex- 
tent of incorporation of deuteriomethyl-labeled 
choline into tissue choline. 

It occurred to us that if the deficiency in folic 
acid inhibits the biosynthesis of dimethyl- 
aminoethanol from ethanolamine, then the 
extent of incorporation of the C'*-labeled etha- 
nolamine into tissue choline in folic acid-de- 
ficient rats, supplied with ample unlabeled 
methionine, should be lower than in normal 
animals. The data in Table VI show that the 


TABLE VI 
Utilization of Ethanolamine-1,2-C'4 and Dimethyl- 
aminoethanol-CH;-C!* by Normal and Folic Acid- 
Deficient Rats for Choline Synthesis 


Standard specific 
Hours after activity of 
injection 
of the Normal Deficient 
Isotope injected* isotopes rat | rat 

Ethanolamine- 1 3.0 0.7 

1,2-C14 20 32.0 12.0 

Dimethylamino- | 40.0 41.0 

ethanol-CH;- 20 62.0 65.0 
cu 


* 0.003 mmol of the isotopic material per 100 g weight of the 
rat together with 10 g of nonisotopic methionine were injected 
intraperitoneally in a single dose. Choline was isolated from 
the entire carcasses after the stipulated periods. 


extent of incorporation of the labeled ethanol- 
amine into tissue choline of folic acid-deficient 
rats was markedly lower than in normal ani- 
mals. On the other hand, the extent of utiliza- 
tion of radiomethyl-dimethylaminoethanol for 
the biosynthesis of choline was not affected by 
the deficiency in folic acid.” 

We next examined the extent of biosynthesis 
of tissue choline from methionine in normal 
and folic acid-deficient rats which received a 
continuous supply of ethanolamine, methyl- 
aminoethanol, dimethylaminoethanol, or cho- 
line in the diet. The data in Table VII 
show that the presence of ethanolamine, 
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TABLE VII 
Utilization of Methionine-CH;-C™ for Choline Syn- 
thesis by Normal Rats Which Received in the Diet a 
Continuous Supply of Ethanolamine, Methylamino- 
ethanol, or Dimethylaminoethanol, or Choline 


Standard specific 
activity of 


Supplement fed with diet 
% choline X 100 


None 35.0 
Ethanolamine, 0.34 35.0 
Methylaminoethanol, 0.40 32.0 
Dimethylaminoethanol, 0.45 39.0 
Choline, 0.50 24.0 


bey ee was lectated from the entire carcasses 20 hours after 
the injection of hylmet i (0.003 mmol/100 ¢g 
weight of the rat). 


methylaminoethanol, or dimethylaminoethanol 
in the normal diet had no appreciable effect on 
the extent of incorporation of the radiomethyl 
group of methionine into choline. Had the 
methyl groups of methylaminoethanol or 
dimethylaminoethanol, as constituents of cho- 
line, originated exclusively from methjonine, 
the supply of the unlabeled methyl derivatives 
of ethanolamine in the diet would have “diluted 
out” the activity of the methyl groups of 
choline observed in the same rats which did not 
ingest the methyl derivatives of ethanolamine 


TABLE VIII 
Utilization of Methionine-CH;-C™ for Choline Syn- 
thesis by Folic Acid-Deficient Rats which Received 
in the Diet a Continuous Supply of Ethanolamine, 
Methylaminoethanol, Dimethylaminoethanol, — or 
Choline 


Standard specific 
activity of 


Supplement fed with diet 
% choline X 100 


None 

Ethanolamine, 0.34 

Methylaminoethanol, 0.40 

Dimethylaminoethanol, 0.45 

Choline, 0.50 

Citrovorum factor injected 2 
hrs before isotope 


Choline was isolated from the entire carcasses 20 hrs after the 
injection of r (0.003 mmol/100 g weight 
of the rat). 


in the diet. The fact that the administration 
of choline together with radiomethylmethio- 
nine to normal rats produced such a ‘‘dilution”’ 
of the activity of tissue choline indicated to us 
that only the third group of choline originates 
from methionine. 
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The data in Table VIII show that the supple- 
mentation of the diet deficient in folic acid 
with ethanolamine or methylaminoethanol 
was without effect on the inhibited biosynthesis 
of choline from radiomethylmethionine. The 
presence of dimethylaminoethanol in the de- 
ficient diet, however, promptly increased the 
utilization of the radiomethyl group of methio- 
nine for choline formation. The administra- 
tion of the Citrovorum factor to the deficient 
rats had a similar effect as the administration 
of dimethylaminoethanol. 


RESULTS 


We next ascertained if the results which we 
obtained on intact animals could be reproduced 
in liver slices. The data obtained on slices of 
livers of folic acid-deficient rats (Table IX) 
are in accord with those obtained on intact 
animals. 


Our conclusions can be briefly summarized 
as follows: (1) The methyl groups of the di- 
methylaminoethanol moiety of choline orig- 
inate de novo and that their neogenesis, prob- 
ably from one-carbon units and their precur- 
sors, is mediated by a folic acid derivative, 
such as the Citrovorum factor or a compound 
which is derived from it in vivo, such as the 
5,6,7,8-tetrahydrofolic acid. (2) The neosyn- 
thesized dimethylaminoethanol is the direct 
in vivo acceptor of the methyl of methionine, 
the transfer of which takes place via the trans- 


TABLE IX 
Synthesis of Choline from Methionine-CH;-C™ by 
Slices of Livers of Folic Acid-Deficient Rats 


Total activity 
recovered in 
choline 

Supplement to liver slices c.p.m. 


None 

Ethanolamine 

Methylaminoethanol 

Dimethylaminoethanol 

Ethanolamine plus citrovorum 
factor 


3,679 
3,310 
3,600 
6,815 
7,277 


20 wmol of methionine-CH:-C'™. 20 umol of the nonisotopic 


* amines, 0.05 mg Citrovorum factor (Leucovorin, Lederle), 2 g¢ 


liver slices, 25 ml Ringer phosphate buffer containing Mg*t*, 
PH adjusted to 7.4. Incubated in air for 2 hrs at 37°. Carrier 
choline was added at the end of incubation, the slices were 
homogenized, and proteins were precipitated with TCA. The 
proteins were extracted with boiling ethanol, then with ether, 
the extracts were added to TCA filtrate, and choline was isolated 
od the combined extracts after saponification with alcoholic 
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CO0.CH(NH;).CH:OH 


serine 


NH;.CH:.COO 
glycine 


dimethylglycine 


(CH:)3.N.CHs.COO 
betaine 


methylation route. (3) The process of transfer 
of the methyl group of methionine to dimethyl- 
aminoethanol in the biosynthesis of choline 
does not involve folic acid or its derivatives. 
Of interest in this connection are the studies 
of Nyc*® on a Neurospora mutant which ac- 
cumulates methylaminoethanol from ethanol- 
amine. He found that the extent of incorpora- 
tion of the carbon of radioformate into the 
methyl group of methylaminoethanol was seven 
times greater than that obtained when radio- 
methyl-methionine was used instead of the 
radioformate. These data strongly suggested 
that the methyl group of dimethylaminoethanol 
in this Neurospora mutant was derived via the 
de novo synthesis from formate rather than via 
the transmethylation from methionine. Nyc’s*® 
observations are consonant with our pre- 
viously expressed views on the origin of the 
methyl groups of choline, although they lack 
proof that folic acid or its derivative was in- 
volved in the biosynthesis of methylaminoetha- 


NH:2.CH2.CH:0H 
ethanolamine 


One-carbon units CH,OH.NH.CH,.CH.OH 
THFA 


— 


Fig. 2. A proposed schema for choline cycle. 
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N-hydroxymethylaminoethanol 


\ 


CH;.NH.CH:.CH,OH 
N-hydroxymethylglycine methylaminoethanol 
CH;.NH:2.CH:.COO | 
sarcosine Ha 
t 
CH.OH CH2.COO N-hydroxymethy], methy]- 
2 Methioni aminoethanol 
ethionine or 
N-hydroxymethy!- 
sarcosine | activated methyl , 


(CH;)3.N.CH:.CH,OH 
choline 


(CH,);.N.CH:.CHO 


betaine 
aldehyde 


nol from formate in this mutant. The avail- 
able information on the role of folic acid deriva- 
tives in the processes of formate utilization and 
transfer leave little doubt, however, that in 
the Neurospora mutant, employed by Nyc,* 
the involvement of a folic acid derivative in the 
biosynthesis of methylaminoethanol from for- 
mate and ethanolamine will be possible to dem- 
onstrate and elucidate. 

Earlier in this discussion we mentioned that 
the inability of the chick to utilize methionine 
for the synthesis of choline was apparently due 
to the limited biosynthesis of dimethylamino- 
ethanol in this species.'? Nutritional studies 
have shown that the addition of dimethyla- 
minoethanol to chick diets, supplemented with 
methionine, satisfies the requirement for choline 
in the chick.'2 The data in Table X provide 
biochemical evidence for the participation of 
dietary dimethylaminoethanol in the biosynthe- 
sis of choline from methionine in the chick. As 
will be noted, the addition of dimethylamino- 
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TABLE X 
Effect of Dimethylaminoethanol on Choline Synthesis 
from Methionine-CH;-C" in Chicks Fed 
Choline-Free Diets 


Weight per chick in standard 
specific activity of choline 


Supplement to diet xX 100 


5 weeks 


None 234 12.4 
Dimethylamino- 458 21.0 
ethanol 


The diet,  ezcept for choline, was complete. 0.0067 mmol of 
was injected per chick (3 birds per 
sae "birds were sacrificed 20 hrs after the injection of 
and choline was isolated from the pooled 


group); 


carcasses group. 


ethanol to the chick diet, ample in methionine 
but free of choline, almost doubled the extent 
of biosynthesis of choline from methionine. 


POSSIBLE MECHANISMS OF CHOLINE BIOSYNTHESIS 


The data which we presented in this discus- 
sion suggested a need for a revision of the 
schema, shown in Figure 1, in which the hy- 
pothesis of the stepwise methylation of ethanol- 
amine was outlined. In Figure 2 we have at- 
tempted to summarize our concept of choline 
biosynthesis and biodegradation. The schema 
shown in Figure 2 is necessarily incomplete, and 
it merely outlines the possible steps of various 
transformations, without precisely indicating 
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the mechanisms and cofactors which are in- 
volved in each of the steps. Some facts, how- 
ever, are known and they will be mentioned in 
the course of discussion of our scheme. 


At the far upper right of the schema are 
shown the proposed steps in the neogenesis of 
the methyl groups of dimethylaminoethanol. 
The main feature of these steps is the transfer 
of a one-carbon component, probably formal- 
dehyde or its biologic equivalent, to the ethan- 
olamine moiety, the transfer being mediated by 
tetrahydrofolic acid, with the intermediate 
formation of N-hydroxymethyl-tetrahydrofolic 
acid from tetrahydrofolic and formaldehyde. 
The existence of N-hydroxymethyl-tetrahydro- 
folic acid has been demonstrated, and the recent 
evidence indicates that the carbon of formalde- 
hyde in this compound forms a methylene 
bridge between the N-10 and N-5 of the tetra- 
hydrofolic acid.*! The next step could be vis- 
ualized as the condensation of the tetrahydro- 
folic acid-formaldehyde derivative with amino- 
ethanol, followed by cleavage of the tetrahy- 
drofolic acid from the condensation product. 
The condensation with tetrahydrofolic acid- 
formaldehyde derivative witli aminoethanol 
and the subsequent cleavage of the condensa- 
tion product are mediated by specific enzy- 
maticmechanisms. Whether N-hydroxymethyl- 


N 
HCHO + THFA ——> Y 


H,0 
THFA + HOCH:—NH—CH:—CH,0H 
CH;—NH—CH,—CH,0H 


Fig. 3. A schema for the possible mechanism of biosynthesis of methylaminoethanol. 


+ H.N—CH:—CH,0H 


CH.—NH— 


dn 2—NH—CH,.—CH,0H 
or Reduction 


THFA + CH;—NH—CH:;—CH,0H 


(By analogy with the 


meehanism of serine synthesis proposed by Kisliuk, R. L.: J. Biol. Chem. 227: 805, 1957.) 
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aminoethanol is formed as a result of the cleav- 
age, as shown in the schema, or whether methyl- 
aminoethanol is formed directly during a reduc- 
tive cleavage (possibly involving pyridine nu- 
cleotide in the reduction) is of course left open 
for future studies. The subsequent steps, lead- 
ing to the formation of dimethylaminoethanol, 
could be similarly depicted via the mediation of 
another molecule of tetrahydrofolic acid-form- 
aldehyde condensation product. Of course, 
another set of specific enzymatic mechanisms is 
probably involved in the steps leading to the 
production of dimethylaminoethanol from 
methylaminoethanol. These possible reactions 
are shown in Figure 3. Finally, dimethylami- 
noethanol accepts the methyl group of methio- 
nine via the process of transmethylation. It is 
quite likely that the actual donor of the methyl 
group to dimethylaminoethanol is not methio- 
nine but some ‘‘activated”’ form of methionine, 
possibly S-adenosyl-methionine  sulfonium, 


which has been demonstrated to be the actual 
methyl donor in transmethylation reactions to 
creatine and N’-methylnicotinamide. Whether 
S-adenosyl-methionine is the actual methyl 


donor in the biosynthesis of choline from di- 
methylaminoethanol has not as yet been dem- 
onstrated. 

As can be readily seen from the schema shown 
in Figure 2, the reactions shown for the biosyn- 
thesis of choline on the right side of the cycle 
are exactly the reverse of the steps for the deg- 
radation of choline via the intermediate forma- 
tion of betaine by the action of choline dehy- 
drogenase and betaine aldehyde oxidase shown 
on the left of the cycle. Betaine is the actual 
donor of the methyl group to methionine, via 
the mediation of betaine transmethylase, with 
the formation of dimethylglycine. The latter 
is degraded in a stepwise fashion by the succes- 
sive action of dimethylglycine oxidase to sarco- 
sine and formaldehyde, then by the action of 
sarcosine oxidase on sarcosine to glycine and 
formate-formaldehyde.?? Whether or not in- 
termediary N-hydroxymethyl derivatives of 
sarcosine and glycine are actually formed in the 
course of such biodegradation of dimethylgly- 
cine is not known, but their transient existence 
does not appear unlikely. 

Of considerable interest are the recent stud- 
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ies by Sweeley and Horning* (Fig. 4) on the 
ferric ion-catalyzed reactions of dimethylglycine 
oxide in water over a pH range of 2to 9. The 
products of the reaction were found to be a 
secondary amine and formaldehyde (reaction 2), 


et ++ 
H.O CH,OH 


RCH2N: — RCH:NHCH; + HCHO (2) 

\ 
CH,0H 


RCH:2N(CHs3)20 + HCHO — 
RCH:N(CHs)2 + HCOOH (3) 


(C. C. Sweeley and E. C. Horning, J. Am. Chem. Soc. 
79: 2620, 1957.) 


Fig. 4 Rearrangements and decarboxylation 
reactions of N,N-dimethylglycine oxide. 


which were formed from a carbinolamine (reac- 
tion 1), and a tertiary amine and formic acid, 
which were formed from dimethylglycine oxide 
and formaldehyde (reaction 3). 

Sweeley and Horning*® suggest that the “‘suc- 
cessive steps of oxide formation, oxide rear- 
rangement (reaction 1) and hydrolytic cleav- 
age of a methylol intermediate (reaction 2) 
constitute a chemical model for demethylation, 
and methylation to a secondary or tertiary 
amine may be represented by the same se- 
quence operating in a reverse direction.’’ An 
enzyme-catalyzed amino acid oxide rearrange- 
ment corresponding to the transformations de- 
picted in reactions 1, 2, and 3 has been observed 
with a mouse liver homogenate for L-N,N-di- 
methyltyrosine oxide and pDL-N,N-dimethyl- 
tryptophan oxide,** although these oxides of 
the amino acid derivatives are not known to be 
cellular components. Sweeley and Horning*® 
suggest the possibility that N-oxides are inter- 
mediates in biologic methylation-demethyla- 
tion reactions. In the laboratory synthesis 
of dimethylaminoethanol from aminoethanol 
and formaldehyde* one could, therefore, postu- 
late the intermediate formation of N-hydroxy- 
methyl-methylaminoethanol: these possibili- 
ties are depicted in Figure 5. These chemical 
model reactions in the formation of N-methyl 
derivatives and in their oxidation serve as ex- 
cellent analogies to the possible enzymatic re- 


Soa 
RCH.N(CH;)20 (1) 
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actions which are involved in the synthesis of 
dimethylaminoethanol and in the degradation 
of dimethylglycine with the mediation of a 
biological derivative of folic acid as the cofac- 
tor. 


Cc 
+ 2HCHO—C" ei 
4 
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supported by the fact that the de novo synthesis 
of the methyl of methionine from any precursor 
of the one-carbon moiety was inhibited by the 
deficiency in folic acid.* A series of reactions, 
analogous to that shown in Figure 3, for the bi- 


+ HCOOH—C™ 


(Overall reaction. C. Artom and M. Crowder, J. Am. Chem. Soc. 74: 2412, 1952.) 
Proposed possible intermediate steps in the above over-all reaction . 


H;C—NH—CH:—CH;0H + HCHO-C"* 


CH,OH—C“% 


CH,OH—C 


H CH 
"\N—CH,—CH,OH + HCHO—C™ _-CH,—CH,OH + HCOOH—C" 


Fig. 5. A schema for the possible mechanism of the laboratory synthesis of dimethylaminoethanol. 


It is within the realm of possibility that the 
biosynthesis of S-methyl group (methionine), or 
C-methyl group (thymine) from one-carbon 
compounds, such as formaldehyde, or from 
their precursors, such as serine, proceeds 
through the mediation of a biological deriva- 
tive of folic acid, probably tetrahydrofolic acid, 
in a manner analogous to that outlined for the 


osynthesis of the methyl group of methionine 
is shown in Figure 6. 


The Role of Vitamin By in Neogenesis of 
Methyl Groups. 


As to the role of vitamin By in the neogenesis 
of methyl groups, all that can be said at the 
present time is that, to our knowledge, it is not 


1G 


Tetrahydrofolic acid- 
formaldehyde 


Tetrahydrofolic acid 


) 
NH 


Methionine 


CH,OH 


| 
or 
| 
R 
S-hydroxy- 


methyl- 
homocysteine 


Fig. 6. Possible steps in methionine synthesis. 


N-methyl groups of methylaminoethanol and 
of dimethylaminoethanol. Obviously, the apo- 
enzyme components of the systems involved in 
these synthetic processes are different, al- 
though the nature of the cofactors in these sys- 
tems could be related. Such a possibility is 


known that vitamin By, or its biologic equiva- 
lent constitutes a cofactor in any known enzy- 
matic system. True, various proposals for the 
involvement of vitamin By: as a cofactor in 
various enzymatic reactions, including the neo- 
synthesis of methyl of methionine, have been 
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made by several authors. But no specific and 
unequivocal evidence to that effect has been 
published, as far as we know. This, of course, 
does not exclude vitamin Bj: as a vital compo- 
nent of the living organism, nor does it imply 
that vitamin By, is devoid of biologic activity. 
The published information on intact organisms 
indicated a reduction in the utilization of gly- 
cine-2-C 4 for the incorporation into tissue cho- 
line and methionine in vitamin By-deficient 
rats,**37 mice and chicks,** swine,** turkey 
poults,“° and a protozoa.*! Other workers 
claimed that deficiency in vitamin By: also re- 
duces the extent of incorporation of radiofor- 
mate and serine-3-C™ into tissue choline and 
methionine in rats” and in baby pigs and 
chicks.*? Strangely enough, the extent of 
incorporation of radioformaldehyde carbon 
into tissue choline and methionine in vitamin 
By-deficient baby pigs and chicks was consid- 
erably greater than in normal animals.*? The 
latter observation is particularly difficult to 
reconcile with the fact that the 6-carbon of ser- 
ine gives rise in vivo and in vitro to formalde- 
hyde, and yet in the vitamin By-deficient baby 
pigs and chicks* the utilization of the 8 car- 
bon of serine for choline and methionine was 
reduced and the utilization of formaldehyde 
was increased. 

Schweigert and Wong** implicated vitamin 
By in the biosynthesis of nucleic acids, as was 
indicated by the decrease in the concentration 
of DNA and RNA per gram of liver of newborn 
rats of vitamin B,.-deficient dams, and by a de- 
creased rate of DNA and RNA regeneration af- 
ter partial hepatectomy in vitamin By-de- 
pleted growing rats. O’Dell and Bruemmer** 
also observed a lower extent of incorporation of 
P*? into the DNA and RNA in the vitamin 
By-depleted rats, and showed that this was 
related to a decrease in the rate of mitosis. 
Dubnoff* implicated vitamin By in the activa- 
tion of the thiol groups of certain enzymes. 
Wagle and Johnson,“ on the other hand, find 
that the deficiency in vitamin By has no effect 
on the nucleic acid biosynthesis, while it re- 
duces the extent of incorporation’ of radio- 
amino acids into liver proteins and into the 
microsome fraction of the liver and spleen.‘’:* 
These workers claim that vitamin By. may serve 
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as a cofactor in the biosynthesis of proteins, al- 
though no evidence could be claimed for the re- 
duction in the incorporation of radiomethio- 
nine, glycine, or serine in the intact vitamin Bi2- 
deficient rats** or chicks" into tissue proteins. 

Totter*® is of the opinion that “‘if the assump- 
tion is made that vitamin By. in animal ex- 
periments functions solely to promote methyl 
group neogenesis (reduction of one carbon frac- 
tion to methyl) many diverse observations of 
its effects in nutrition can be reconciled.’’ Such 
a reconciliation is not, however, evident from 
the brief résumé of the data which we just dis- 
cussed. It would appear to us that experi- 
ments on intact animals cannot by their nature 
and design pinpoint the exact cofactor role for 
any vitamin, including vitamin By. At best, 
they can only indicate suggestive leads which 
must be followed up by studies on the more or 
less isolated systems. Clearly, the elucidation 
of the mechanisms of the bioreactions through 
which vitamin B12 deficiency affects the neo- 
genesis of methyl groups,*‘~*° biosynthesis of 
proteins and nucleic acids,*!:*?:*4: metabolism 
of carbohydrates and lipids,*! and even gluta- 
thione,®® the enhanced carcinogenicity of butter 
yellow in rats,®? or the retardation of the car- 
cinogenic properties of butter yellow,®** cannot 
be profitably attempted at this time. Claims 
for the cofactor role of vitamin Bis in a biore- 
action require considerably more evidence and 
of less equivocal nature than we now possess, 
and pending more exacting work to this end, we 
leave this problem to the future for the success- 
ful elucidation. 


Choline Biosynthesis vs. Nutritional 
Requirement for Choline 


The proposed scheme for biosynthesis of 
choline, as outlined in Figure 2, indicates that 
several moieties of choline, such as ethanola- 
mine, the two methylated derivatives of ethanol- 
amine, and the third methyl group which mi- 
grates to dimethylaminoethanol, originated in 
vivo via a diverse series of independent reac- 
tions. The over-all efficiency in choline forma- 
tion, will, therefore, depend on the rate of the 
slowest reaction in the sequence. . The nutri- 
tional requirement for choline in animals.and 
other organisms is obviously determined by the 
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over-all efficiency of choline biosynthesis, and 
hence by the rate of the slowest reaction in the 
sequence that leads to the elaboration of cho- 
line. Furthermore, one should also take into 
account the rate of reactions which govern the 
catabolism of choline through the indicated 
oxidative paths. 

Numerous nutritional observations on var- 
ious species of living organisms in regard to 
choline requirement can be logically appraised 
in terms of the efficiency of the reactions which 
govern biosynthesis and biodegradation. For 
example, calves and weanling rats have a mark- 
edly low capacity to utilize methionine for cho- 
line synthesis, yet these animals do not have an 
absolute requirement for choline in the presence 
of methionine.*‘> In these animals, however, 
the activity of choline dehydrogenase, and 
hence the capacity to oxidize choline to betaine, 
is also markedly reduced, thus apparently 
enabling the animals to compensate for the rel- 
atively low capacity to form choline from me- 
thionine. In contrast, as we have mentioned 
earlier, the requirement for choline in the chick 
and the guinea pig, in the presence or absence 
of methionine, is determined by the low activity 
in these species of the enzymatic mechanisms 
which elaborate dimethylaminoethanol. Al- 
though in the guinea pig and in the chick the 
capacity to oxidize choline to betaine is also 
relatively low, this biologic conservation device 
for sparing choline is apparently insufficiently 
effective to eliminate completely the require- 
ment for choline in the presence of dietary 
methionine. 

Griffith and co-workers” have shown that 
the weanling rat is much more susceptible to 
hemorrhagic kidney lesions than the older ani- 
mal, the male being the most sensitive in this 
respect. It would appear that the age as well 
as the sex of the animal could also be considered 
as contributory factors to the over-all efficiency 
of the reactions involved in choline biosynthe- 
sis. It seems desirable to correlate the effi- 
ciency of the various steps that are involved in 
choline biosynthesis with such factors as the 
species, age, sex, etc., with the over-all require- 
ment for dietary choline. Such a study seems 
particularly pertinent in man, because the only 
biochemical fact about the biosynthesis of 
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choline in man is that deuteriomethylmethio- 
nine, fed to man, yields liver choline (plasma 
phospholipids) which contains deuterium in the 
methyl groups.** What is the precise mech- 
anism of choline biosynthesis in man? In the 
sequence of reactions leading to choline bio- 
synthesis, which reaction constitutes the limit- 
ing step in man? The answers to these ques- 
tions would be of help in the evaluation of cho- 
line requirement in man. 


Of interest in this connection is the recent re- 
port on the remarkable efficacy of dimethyl- 
aminoethanol, as contrasted to choline, in 
schizophrenics.*® The authors believe that the 
efficacy of dimethylaminoethanol, is due to a 
greater extent of synthesis of acetylcholine 
from dimethylaminoethanol, contrasted to that 
from choline, because of limited transport 
of choline across the membranal barriers and 
because of rapid oxidation of choline to be- 
taine. If we assume, as we must, that dimeth- 


ylaminoethanol serves as the intracellular pre- 
cursor of choline in man, would it be justifiable 
to conclude a priori that dietary choline should 
be biologically equivalent to dimethylamino- 


ethanol? In other words, is dietary choline a 
complete biologic substitute for the entire 
series of reactions that operate im vivo in the 
elaboration of choline? Or must we grant the 
possibility that the intracellularly elaborated 
choline is a more effective precursor of certain 
vital biologic components of the tissue than the 
dietary choline can be? If this possibility is 
granted, then the consideration of the reactions 
which lead to the elaboration of dimethylami- 
noethanol 1m vivo, as the direct precursor of 
choline and its derivatives, acquires additional 
importance. Perhaps these considerations 
should be kept in mind in situations in which 
the use of choline in various clinical disorders 
is recommended. 
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DISCUSSION 


Dr. R. Abrams (Montefiore Hospital, Pittsburgh, Pa.): 
One specific question has occurred to me. This con- 
cerns the transmethylation experiments of du Vig- 
neaud ef al. using a methyl donor doubly labeled 
with C™ and deuterium. Dr. Stekol cited this work 
where the ratio of deuterium to C' was the same in 
the methyl group of choline formed as in the precursor. 
It was implied that this transfer, whether it involved 
one methyl or two or three, should maintain a constant 
ratio of deuterium to C™ in the methyl groups. How- 
ever, the data you have presented indicated that at 
least two of these methyls are oxidized to one carbon 
unit and are then transferred to choline by reactions 
involving tetrahydrofolic acid. These data imply that, 
in terms of an average choline methyl group, you 
should find a decreased ratio of deuterium to carbon". 
So there does seem to be a discrepancy, which perhaps 
Dr. Stekol might clarify. 

Second, would you care to comment on the fact 
that you do seem to thirk there is some sort of role of 
Biz in methyl group neogenesis starting from the alpha 
carbon of glycine or the beta carbon of serine? We 
know from the work of Buchanan and the work of 
Rabinowitz on purine degradation, where purified 
enzymes have been used, that there does not seem to 
be a role for By in the reactions involving one carbon 
unit and tetrahydrofolic acid. The question is, at 
what step in methyl group biogenesis could Biz come in? 

In that connection, what is your feeling about the 
nonspecific role of Biz which has been proposed by Dub- 
noff? With, I think, a By-less mutant he finds that 
very many SH enzymes seem to be activated by By, 
which presumably functions in the liberation of SH’s 
necessary for activity. 
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I chose to read the part of the paper by Pfeiffer and 
co-workers that did not concern schizophrenics. If I 
may quote from this paper on the effects of dimethyl- 
aminoethanol on normal (nonschizophrenic) subjects: 
“Oral doses of 10 to 20 mg/day produce a mild and 
pleasant degree of central nervous system stimulation 
characterized by lessened daytime fatigue, by sounder 
sleep, and fewer hours of sleep are required. In addi- 
tion, dimethylaminoethanol produces relief from 
periodic headache, bowel distress, and chronic fatigue.” 


Dr. J. F. Herndon (Smith, Kline & French Labora- 
tories, Philadelphia, Pa.): I was very much interested 
in the points about the origin of choline. The question 
came to mind as to just how one distinguishes between 
dimethylaminoethanol and choline when one gives 
dimethylaminoethanol? It seems to me that it would 
be very difficult to separate the two compounds. Can 
you do it with the reinecke salts? How would you do 
this? 


Dr. Stekol: It can be done, you know. Dr. Artom 
can tell you about that. There is a method for it. 


Dr. Artom: Yes, this can be done, but not with 
reinecke salt, because of a partial coprecipitation of 
dimethylethanolamine from its mixtures with choline. 
In the method elaborated by Miss Crowder and 
myself (Fed. Proc. 8: 180, 1940), after destruction of 
primary and secondary amines with HNO», dimethy]l- 
ethanolamine is separated by steam distillation. 
Sizable amounts were determined in both the lipids 
and the aqueous extracts of the tissues of rats, shortly 
after a large dose of the compound had been given. 
However, we have not been able to detect dimethyl- 
ethanolamine in the tissues of normal rats. It may be 
that this compound is present only in very small 
amounts, which could well fit in with its postulated 
role as a metabolically active intermediate. Still, it 
would be very nice if we could demonstrate its presence 
in the tissues without question. 


Dr. Harper (University of Wisconsin, Madison, 
Wis.): I was glad to see Dr. Stekol’s outline because 
it explains some of the discrepancies in results we 
obtained in anattempt to compare the lipotropic activity 
of a number of substances that I shall discuss. I 
would, also, like to ask whether Dr. Stekol has an 
explanation for the fact that four different groups of 
people, one of whom does not actually believe that Bi 
is involved in transmethylation reactions, did find 
lowered activity of the transmethylation system in 
vitamin B,.-deficient rats. If that evidence is accepted, 
is it possible that the enzyme activity could be de- 
creased somewhat in B,.-deficient animals without being 
decreased sufficiently to affect the total amount of 
isotope that would be transferred from betaine to 
methionine? 


Dr. Stekol (closing remarks): I shall answer the last 
question first. One of the four groups mentioned by 
Dr. Harper happens to be ourselves, who also found 
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with rat liver homogenate of By-deficient rats that 
there is a decrease in the utilization of homocysteine 
for the synthesis of methionine from betaine. We 
don’t know why. It can be reproduced. However, 
when betaine homocysteine transmethylase was iso- 
lated there was not a trace of vitamin By in it. This 
enzyme could not be resolved into a cofactor and 
apoenzyme. It is electrophoretically pure. It does 
not mean much, but still it is as clean as you can make 
it. There is neither folic acid nor folic acid activity 
in it; and vitamin By or cobalt is zero. Administra- 
tion of radioactive By. to rats and the re-isolation of 
betaine transmethylase also resulted in complete 
absence of By in betaine transmethylase. 

For that reason we believe that experiments with 
the homogenate, the earliest ones by Oginsky and those 
by ourselves and then by Erickson and your group, 
are inconclusive. Really, if you look at the data a 
little closer, they do not prove anything. You your- 
selves found no By in your cofactor that you claim 
to have isolated. The difference between the extent 
of methionine formation in the deficient animal liver 
homogenate and the normal ones was so small that I 
don’t think you can attribute it to the decrease in the 
activity of betaine transmethylase. 

Besides, the measurements of methionine in your 
case, I think, were done colorimetrically by Sullivan’s 
procedure which, by the way, has a limit in accuracy. 
Later, we and others used bacteriologic procedures for 
methionine determination and found no difference 
whatever in methionine formation from betaine and 
homocysteine between normal livers and those deficient 
in Biz. That is where the matter stands. 

I doubt very much if vitamin By is involved in trans- 
methylation reactions because even nutritional studies 
prove that animals can grow and fatty infiltrations are 
alleviated on vitamin By2-free diets, if methionine is 
administered. Choline is being made from methionine 
in vitamin By.-deficient animals, and that they are 
deficient in Bis is indicated by the fact that they die. 

With regard to Dr. Artom’s statement about the 
inability to detect dimethylethanolamine, only recently 
has homocysteine been detected in the tissues. The 
fact that some intermediates are very difficult to detect 
is no proof of their absence. Besides, dimethyl- 
ethanolamine is very rapidly methylated in animal 
tissues, and the extent of formation of phospholipid 
choline from dimethylethanolamine amounts to about 
80 per cent of that formed by choline itself. So, the 
incorporation of dimethylethanolamine into choline of 
phospholipid is rapid, and for that reason you would 
not be able to find free dimethylethanolamine hanging 
around, unless methods for its detection are consider- 
ably improved. 

Regarding the efficacy of dimethylethanolamine in 
schizophrenics mentioned by Dr. Abrams, I think we 
brought this up to emphasize the need for a study of 
mechanism of choline formation in the human being. 

Dr. Abrams also mentioned the isotopic studies of 
du Vigneaud. If we very carefully examine du 
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Vigneaud’s data, it will be found that everything he 
says is exactly right if you follow his procedure. We 
have had almost a lifetime of experience with du Vi- 
gneaud, and it is very difficult to find him wrong. The 
description of the technics used in the doubly-labeled 
methionine experiments has to be very carefully noted. 
They are all short-term experiments. When doubly- 
intramolecularly-labeled methionine was administered, 
the animals were killed very shortly, afterwards (three 
days) the livers removed and for some reason dis- 
carded. Choline was isolated from the carcasses. 

Your point is that if the methyl group of methionine 
is oxidized to formate and formaldehyde and then 
reincorporated back into the methyl and the chain of 
choline, how is it that when you isolate the tissue 
choline you still have the same ratio of carbon™ to 
deuterium in the methyl groups? If you do it under 
short-term conditions, the time necessary for oxidation 
and reincorporation is not available. If, however, you 
do a long-term study with intramolecularly labeled 
methionine, you will have a gradual alteration in the 
ratio and appearance of the carbon" in the ethanol- 
amine moiety of choline. I believe the time allowed 
was three days or something of that sort. As you 
could see, the C'* units from radiomethylmethionine go 
through a large cycle. There are nearly twelve steps 
involved before the carbon of methionine as formate 
will reincorporate itself back into methionine. If suf- 
ficient time is not allowed, you will not have alteration 
in the ratio. If you do, you will. 

The design and intent of du Vigneaud’s experiments 
were to prove the existence of transmethylation, and 
that he did. 


Dr. Abrams: Are there any figures on the turnover 
time of choline? 


Dr. Stekol: 
that. 


Yes, I think Dr. Zilversmit will have 


Dr. Zilversmit: No, I don’t have them. 


Dr. Stekol: 1 can quote Stetten, three studies by 
Boxer, and_what we reported about three or four 
years ago. The half-life of choline in the liver of rats 
fed choline-containing diets is about six hours. The 
half-life of carcass choline is about twelve days. So 
I think what is to be done to check that point is self- 
evident. There is no question regarding the methyl 
group carbon of methionine being oxidized to formate, 
that the formate or formaldehyde incorporates into 
serine, or that 8-carbon of serine appears in ethanol- 
amine or the ethanolamine moiety of choline. Du 
Vigneaud reports that the choline that he isolated had 
no isotopic carbon in the ethanolamine moiety. Inci- 
dentally, the oxidation of the methyl group of methio- 
nine to formate was reported from du Vigneaud’s 
laboratory by McKenzie. So it is not a contradiction, 
and yet it is. It is a question of how much methionine 
you feed to rats and how long you let rats percolate 
with the isotopic methionine in them. 
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theory of the mechanism of the 
lipotropic action of choline and inositol 
suggests that these substances exert such an 
effect because they are important constituents 
of phospholipids. It is not known, however, 
precisely how the metabolism of phospholipids 
may be related to lipotropic activity. The 
interesting and important experiments of Dr. 
Zilversmit, discussed in this Symposium may 
shed some light on this problem. In this paper I 
will discuss some current work on the enzy- 
matic synthesis of phospholipids, with the hope 
that some clue as to the mechanism of the lipo- 
tropic action of choline may emerge. ‘Three 
main topics are to be considered: the enzy- 
matic synthesis of lecithin; the enzymatic syn- 
thesis of sphingomyelin; and some preliminary 
experiments on the level of CDP-cholinef in 
the livers of rats on a choline-deficient diet. 


THE ENZYMATIC SYNTHESIS OF LECITHIN 


The enzymatic processes by which lecithin 
is built up from simple precursors in the living 
cell has now been worked out in considerable 
detail. Some of these reactions are summa- 
rized in Figure 1. Since this subject has been 
reviewed recently elsewhere’? the present dis- 
cussion will be limited to features particularly 
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pertinent to the lipotropic action of choline 
and to the choline-containing phospholipids. 
It should be mentioned however that an essen- 
tially similar scheme of reactions leads to the 
formation of phosphatidyl ethanolamine. 

PC-Cytidyl Transferase Reaction: It has 
now been firmly established that a coenzyme 
form of choline, cytidine diphosphate choline 
(CDP-choline), is an essential intermediate in 
the bio-synthesis of lecithin. The structure of 
CDP-choline, which is that of a doubly substi- 
tuted pyrophosphate, is shown in Figure 2. The 
synthesis of CDP-choline and related com- 
pounds in labeled form by purely chemical 
procedures has been described.* The enzy- 
matic synthesis of CDP-choline from CTP + 
P-choline [reaction (e) of Fig. 1] is catalyzed 
by PC-cytidyl transferase, an enzyme widely 
distributed throughout nature. A detailed 
study of this enzyme has recently been carried 
out by Borkenhagen and Kennedy.‘ 

The PC-cytidyl transferase reaction may be 
viewed as an “activation” of phosphorylcholine 
by incorporation into the energy-rich pyro- 
phosphate structure of CDP-choline, and is one 
of the many reactions for which metabolic 
energy is required to carry out the biosynthesis 
of phospholipid. 

PC-Glyceride Transferase Reaction: CDP- 
choline reacts with a p-1,2-diglyceride [reaction 
(f) Fig. 1] to form lecithin and CMP (cytidine- 
5’-phosphate). The enzyme catalyzing this re- 
action has been named PC-glyceride trans- 
ferase and its properties have been described 
by Smith, Weiss, and Kennedy. The enzyme 
requires magnesium or manganese ion and is 
severely inhibited by very low concentrations 
of calcium ion. 

The CMP which is formed in reaction (f) 
may be rephosphorylated to CTP at the ex- 
pense of ATP. The CTP which is thus re- 
generated may combine with another mole of 
phosphorylcholine, participating in a catalytic 
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ATP + HOCH 
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CH,OH 
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ATP + HOCH,CH2N(CHs)s 
(d) 
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ATP 


CH,0—OCR 
Cyt—P + RCO—OCH oO 


| + 


Fig. 1. 


cycle, at every turn of which one mole of 
lecithin is formed from phosphorylcholine 
+ diglyceride. During the course of this cycle, 
phosphorylcholine forms a part of the struc- 
ture of the coenzyme itself, in a fashion some- 
what analogous to the function of the uridine 
coenzymes, e.g., uridine diphosphate glucose. 


OH HO o- 
fe) 


Fig. 2. The structure of cytidine diphosphate choline. 
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The PC-glyceride transferase is specific for 
CDP-choline; analogues in which adenosine, 
uridine, or guanosine replace the cytidine por- 
tion of the molecule have been prepared syn- 
thetically and are completely inactive. The 
enzyme is also highly specific for p-1,2-di- 
glycerides; 1,3-diglycerides are only slightly 


CH,OH 


HOCH 
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+ 2 RCO—S—CoA 


O—P 
(b) 


CH,O—OCR 
RCO—O¢H 
CH.—O—P 
ho 
CH.,O—OCR 


+ 
P—P + Cyt—P—P—OCH:2CH2N(CHs3); + RCO—OCH 


(h) 
RCO—S—CoA 
CH,O—OCR 
RCO—OCH 


active. The p-1,2-diglyceride must possess at 
least one unsaturated fatty acid, preferably in 
the alpha-prime position, and must be emulsi- 
fied in a suitable nonionic detergent such as 
“Tween-20” to penetrate to the enzyme sur- 
face. The requirement for an unsaturated 
fatty acid may be related to the greater ease of 
emulsification of unsaturated glycerides. 

A recent generous gift by Drs. E. Baer and 
D. Buchnea of samples of pure synthetic p- 


TABLE I 
The Optical Specificity of the PC-Glyceride Transferase 
Lecithin 
Diglyceride synthesized 
added muM 
1. L-1,2-diolein 13 
2. p-1,2-diolein 126 


The assay for lecithin synthesis was carried out as 
described by Weiss, Smith, and Kennedy.® 


and L-1,2-diolein has made it possible to test 
the optical specificity of the enzyme, with the 
results shown in Table I. 


The p-1,2-diglyc- 


> a 
| 
\ 
(g) a 
(f) 
3 
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eride is seen to be much more active than the 
L-enantiomorph. 

The PC-glyceride transferase reaction is 
freely reversible, which may be of some 
physiologic importance. 

Interrelationships of Phospholipid and Tri- 
glyceride Synthesis: The scheme shown in Fig- 
ure 1 indicates that L-a-phosphatidic acids and 
p-1,2-diglycerides may be intermediates of 
hitherto unsuspected importance in the biosyn- 
thesis of glycerophosphatides. [For references, 
see review.|? This conclusion is supported by 
the discovery* that p-1,2-diglycerides may react 
with long-chain thioesters of coenzyme A to 
form triglycerides, and thus may be regarded 
as precursors of neutral fat as well as of phos- 
pholipides. Several laboratories have sought 
an alternative pathway for the formation of 
triglyceride, i.e., a direct reaction between free 
glycerol and long-chain thioesters of coenzyme 
A. To date no such reaction has been found, 
and the only known route for the incorporation 
of free glycerol into triglycerides is by way of 
L-a-glycerophosphate, phosphatidic acid, and 
p-1,2-diglyceride. 

Is CDP-Choline a Lipotropically Active Form 
of Choline? One of the great advances in 
achieving an understanding of nutrition on a bio- 
chemical level has been the realization that 
water-soluble vitamins are of special impor- 
tance in the diet because they are building 
blocks for coenzymes. It has further been 
learned that in general the vitamin does not 
function as a coenzyme as such, but is trans- 
formed in the body to a catalytically active 
form, often a nucleotide. 

Although choline is not a vitamin in the strict 
sense of the word, its importance as a special 
dietary factor is well recognized. Since we 
now know that choline may be converted in 
the body to a catalytically active nucleotide 
form, the hypothesis that CDP-choline is a 
lipotropically active form of choline deserves 
careful consideration. The close interrela- 
tionship between triglyceride and phospho- 
lipid metabolism shown in Figure 1 makes this 
hypothesis all the more attractive, since the 
profound alteration in the triglyceride metab- 
olism of liver, resulting in fatty liver, is one of 
the most dramatic consequences of a diet defi- 
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cient in choline and other lipotropic agents. 
To consider but one obviously oversimplified 
interpretation, any condition which disturbs 
the balance between reactions (f) and (h) by 
blocking reactions (d), (e), or (f) (Fig. 1) 
might lead to a “spilling over” of 1,2-diglyc- 
eride into neutral fat rather than phospho- 
lipid. Reactions (d), (e), or (f) might be 
blocked or reduced either by an insufficient 
supply of choline to the cell or by metabolic 
poisons such as carbon tetrachloride. 


THE ENZYMATIC SYNTHESIS OF SPHINGOMYELIN 


The experimental results which have just 
been described suggested that the biosynthesis 
of another choline-containing phospholipid, 
sphingomyelin, might take place by a reaction 
essentially similar to the PC-glyceride trans- 
ferase reaction: 

(1) Cyt-P-P-choline + N-acylsphingosine 
= Sphingomyelin + CMP 

It has recently been reported’ that an en- 
zyme from chicken liver catalyzes an extensive 
net synthesis of sphingomyelin according to 
reaction (1). The name phosphorylcholine- 
ceramide transferase has been proposed for this 
enzyme. 

Phosphorylcholine-ceramide transferase is 
highly specific both for CDP-choline and for N- 
acylsphingosine (ceramide). Ceramides with 
fatty acids of short or intermediate chain 
length in amide linkage are much more active 
than the naturally occurring long chain com- 
pounds, presumably because the short chain 
compounds penetrate more readily to the 
enzyme surface. Much more surprising is the 
discovery’ that the N-acylsphingdsine must 
possess the threo rather than the erythro con- 
figuration in the sphingosine portion of the 
molecule. It has been generally accepted that 
naturally occurring sphingolipids have the 
erythro configuration. The physiologic sig- 
nificance of this puzzling observation merits fur- 
ther study. 

The participation of CDP-choline in the 
biosynthesis of sphingomyelin makes it clear 
that the functions of this nucleotide form of 
choline are not limited to the realm of glycero- 
phosphatides and strengthens the view that 
mechanisms controlling the synthesis and utili- 


» 
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zation of CDP-choline may be of central im- 
portance in lipid metabolism generally. 


MEASUREMENTS OF CDP-CHOLINE CONCENTRATION 


It is now known that CDP-choline is widely 
distributed in nature! being found in the liver of 
various species including the rat and the hen, 
in brain and other tissues of the rat, and in 
yeast. 

As a preliminary attempt to determine 
whether CDP-choline is a lipotropically active 
form of choline, it seemed of interest to deter- 
mine the concentration of CDP-choline in the 
livers of rats under various conditions. Efforts 
to work out an enzymatic assay for CDP-choline 
have so far been unsuccessful, and it has been 
necessary to use an isotope dilution method. 
This procedure, although sensitive and ac- 
curate, is laborious and time-consuming and 
has therefore limited the number of experi- 
ments which can be done. 

In one experiment, 18 male rats, about five 
weeks old, were divided into two groups of nine 
each. One group was fed ad libitum on a 
commercially available choline-deficient diet 
(Nutritional Biochemicals Co.). The control 
group was fed the same diet, supplemented 
with choline. After eight weeks, both groups 
of animals were killed. The livers of three 
animals were pooled for CDP-choline assay, re- 
sulting in three assays for each group. The re- 
sults are shown in Table II. There was no 


TABLE II 


CDP-Choline Content of Rat Liver in Choline- 
Deficient and Control Animals 


uM/100 g 
I II Ill 
Control 6.2 won 6.2 
Deficient 5.9 6.9 5.9 


significant difference between control and defi- 
cient animals. 

These results, although very fragmentary, 
seem to suggest that the level of CDP-choline 
in liver may be relatively constant, even on a 
choline-deficient diet. However, other experi- 
ments, unfortunately incomplete, seem to indi- 
cate that the CDP-choline content of the livers 
of choline-deficient animals first falls, and then 
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returns to normal, so that a period of eight 
weeks may be too long to detect such changes. 

It is clear that much more extensive and 
better planned experiments will be needed to 
explore these points. 
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DISCUSSION 


Dr. Wilgram: Dr. Kennedy, I am wondering whether 
I am right in assuming that you think that the most 
important findings in this field in the last year or two 
are that 1l-a-glycerophosphate is a very important 
precursor of p-1,2-diglycero-phosphatidic acid and 
that this compound, after fission of the phosphate 
group then reacts with cytidine diphosphate choline 
to form lecithin. 

From the biochemical viewpoint there is nothing 
that I can add to your presentation at all, but as a 
physiologist there is some amazement about the fate 
of the phosphate group. After the formation of 
phosphatidic acid, phosphate is split off. I am wonder- 
ing why Nature should take such a complicated and 
roundabout course, first, in putting phosphate on 1-a- 
glycerophosphate to yield the phosphatidic acid, and 
then removing it by a phosphatase, only to put another 
phosphate from CDP-choline back in the same position. 
From a physiologic viewpoint it seems to me that 
Nature, if it takes this course, is somewhat wasteful 
and I am wondering what your personal reactions are 
as to this complicated phenomena. 

The second point I would like to ask you again 
arises from physiologic and not biochemical considera- 
tions. There are certain aspects of the problem 
which have been touched upon but not dealt with ex- 
tensively by Dr. Kennedy. They are however, vital 
to the understanding of what goes on in the living 
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body. How does this biochemical finding of the mode 
of enzymatic synthesis of lecithin in the test tube lead 
to a better understanding of the mode of action of 
choline, in the intact organism, which is the main topic 
of the symposium today? You have mentioned several 
possible mechanisms by which neutral fat and phos- 
pholipids may be interrelated to each other in their 
metabolism. I wonder whether you would care to 
indicate. which possibilities, if any, you think might 
account for the lipotropic action of choline. 


Dr. Kennedy: With regard to the first point that Dr. 
Wilgram made, we are not responsible for how Nature 
chooses to make these compounds. Yet I think it 
would be unfortunate if the impression got around that 
Nature really would do well to study biochemistry 
rather than vice versa. I think there is some rhyme 
or reason to this merry-go-round in which the glycerol 
is phosphorylated, converted to phosphatidic acid and 
then dephosphorylated, because when the glycerol is 
phosphorylated it is phosphorylated stereospecifically, 
giving only L-a-glycerophosphate. Then when the 
phosphatidic acid is formed, it has the L configuration. 
It is a derivative of L-a-glycerophosphate but by a 
quirk in the arbitrary nomenclature of these com- 
pounds, the compound which is formed by splitting the 
phosphate from an L-phosphatidic acid is a p-1,2- 
diglyceride. That is simply because you change the 
end of the molecule you regard as the precursor of the 
aldehyde of p-glyceraldehyde. It gives specifically 
then the form of 1,2-diglyceride which is needed to 
react with cytidine diphosphate choline to given an 
L-lecithin. As far as we can tell, all of the glycero- 
phosphatides in nature are of the L series. 

This is exactly what Baer does when he makes leci- 
thins synthetically. He takes the p-acetone-glycerol 
molecule and makes the benzyl ether to maintain 
stereospecificity. He puts the fatty acids on and then 
removes the benzyl ether and phosphorylates, using 
chemical methods. 

Actually, there is quite a strict analogy between the 
chemical synthesis of lecithin and the biochemical syn- 
thesis of lecithin. In each case a protective group is 
put on in the alpha position while the fatty acids are 
introduced in order to preserve stereochemical purity, 
and then the protector is removed. 

I realize this does not answer completely your ques- 
tion, which has real force to it. We see again and 
again that enzymatic reactions occur which seem at 
first to be wasteful, for example, splitting out of pyro- 
phosphate rather than orthophosphate in certain 
reactions. I think there is a deeper physiologic 
significance, as you point out, and I cannot cope with 
it at that level at the moment. 
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As far as the second question is concerned, which of 
these interrelationships between triglyceride and phos. 
pholipid one might regard as a fruitful point of de- 
parture for investigating the lipotropic activity of 
choline, all I can say is that my instinct tells me it will 
not be as simple as blocking cytidine diphosphate 
choline utilization and switching the diglyceride over 
to triglyceride. It can’t be that simple in view of the 
immense literature on the lipotropic activity of choline, 
almost unrivaled for its complexity. On the other 
hand, I think it would be extraordinary, really, if we 
found a cofactor form of choline which had no relation- 
ship at all to the lipotropic activity of choline because 
there are so many examples—nicotinamide, for ex- 
ample, in which the dietary nutrient is incorporated 
into a nucleotide or cofactor form and then exerts its 
biological activity. I have no evidence at all to cite 
that CDP-choline has lipotropic activity, but I still 
think it would be a good bet in the long run. 


Dr. W. Cornatzer (University of North Dakota, Grand 
Forks, N. D.): The data on Dr. Kennedy’s last slide 
where he found the cytidine diphosphate choline con- 
tent in fatty livers identical to the control animals 
are similar to other data where no change in phos- 
pholipid turnover was observed in production of 
dietary cirrhosis (Ann. New York Acad. Sc. 57:919, 
1954) or liver necrosis (J. Lab. & Clin. Med. 31: 478, 
1946). The composition of liver lipids can be altered 
by dietary intake of proteins. There is usually a slight 
decrease in the level of total phospholipids in the liver 
of animals maintained on a low-protein diet. The 
decrease is especially marked in the lecithin fraction 
with a consequent lower ratio of choline-containing to 
total phospholipids. The uptake of P*? or phospho- 
lipid turnover, however, is the same in the fatty livers 
as in the controls. 


Dr. H. Segal (University of Pittsburgh, Pittsburgh, 
Pa.): I would like to comment on Dr. Kennedy’s remark 
regarding the reversibility of the transfer of phosphoryl 
choline from CDP-choline to glyceride. I think this is 
perhaps not so surprising. An analogous situation is 
the reversibility of polynucleotide phosphorylase. It 
apparently means that we have to include phospho 
diesters as high energy phosphate compounds. 


Dr. Kennedy (closing remarks): I would like to agree 
that the glyceride transferase reaction and poly- 


nucleotide synthesis are analogous. However, at least 
to my mind it was unexpected that the phospholipids 
present in considerable amount in the cell could rep- 
resent an unsuspected reserve of ‘high energy” com- 
pounds. Whether this has any physiologic meaning 
at all I do not know. 


KS HYPOTHESIS that phospholipids, es- 
pecially liver phospholipids, are related to 
the metabolism of fatty acids was suggested a 
long time ago by Loew,' who stated that leci- 
thin was ‘‘a machine for burning fats.’’ Later 
Leathes? speculated that, as a first stage of their 
catabolism, fatty acids are incorporated into 
liver phospholipids and in this form undergo an 
initial process of desaturation. The findings 
that after administration of fat, increases in 
the amounts’ and in the rate of the synthesis 
of phospholipids‘ occurred in certain tissues, 
but not in others, was interpreted as indicating 
the existence of two classes of phospholipids, 
functionally distinct.** The liver, plasma, in- 
testinal mucosa, and perhaps also the kidney, 
were postulated to contain a high proportion of 
‘‘lipometabolic phospholipids,” specifically in- 
volved in fat metabolism, whereas in the other 
tissues, phospholipids represented chiefly struc- 
tural materials, ‘“cytoplasmic phospholipids.”’ 
Since the nitrogenous constituent of leci- 
thins, choline is lipotropic*® it seemed logical to 
identify the lipometabolic phospholipids with 
the lecithins, or possibly, with some specific 
lecithin. This interpretation seemed even 
more likely, when it was found that choline 
stimulated the turnover of liver phospholip- 
ids,’’’ and that this stimulation was enhanced, 
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when fat was also administered.® 
stances, such as cystine, or ethanolamine, 
which do not show lipotropic activity, were 
found to enhance the incorporation of P** into 


Other sub- 


liver phospholipids. But, unlike these sub- 
stances, choline stimulated only,'* or chiefly,” 
the turnover of lecithins. 

Since phospholipids have hydrophylic groups, 
and lecithins are the major components of 
plasma phospholipids, '* lecithins have also been 
considered as a suitable form for the transport 
of fatty acids in plasma from liver to peripheral 
tissues. Accordingly, it was reasoned that in 
choline-deficient animals the impairment in the 
synthesis of lecithins would result in an accumu- 
lation of fat in the liver, either because of a de- 
creased oxidation of fatty acids in the tissue 
itself, or because of an inadequate mobilization 
in the form of plasma lecithins. The results of 
several investigations, in which deuterium was 
used as a tracer, seemed to be more in line with 
the latter interpretation. In choline-deficient 
rats maintained on heavy water, the labeled 
fatty acids accumulating in the liver are chiefly 
the result of a synthesis in the liver, rather than 
of a transport from the depots to the liver." 
In mice first fed heavy water, and then shifted 
to a deuterium-free, low-protein diet, no dif- 
ferences could be detected in the rates at which 
the labeled fatty acids disappeared from the 
liver, or from the depots, whether or not the 
diets had been supplemented with choline.'® 
In a subsequent study, in which the synthesis 
of fatty acids from D.O was investigated, the 
livers of choline-deficient rats contained greater 
amounts of newly synthesized fatty acids, 
whereas the depots contained the same amounts 
as, or lesser amounts than, those found in the 
animals receiving choline.” These findings 


have been recently confirmed and extended by 
Bernhard et al.” 


These and other investiga- 
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tors used C'*-acetate as a means of labeling the 
fatty acids of animals on diets deficient in 
choline. In short range experiments, Bernhard 
et al.”* did not find any significant difference in 
the amounts of newly synthesized fatty acids 
present in the livers or the depots of rats on de- 
ficient diets, supplemented or not supplemented 
with choline. The results of experiments of 
longer duration, reported by Guggenheim and 
Olson,” and by Bernhard ef al.” are in sub- 
stantial agreement with those of similar ex- 
periments which have been carried out in our 
laboratory during the past several years. In 
these experiments the specific activities of the 
fatty acids synthesized in the livers and depots 
of choline-deficient and choline-supplemented 
rats and mice were the same. Obviously the 
investigations with D.O or C™ acetate failed to 
give any indication that choline affects either 
the synthesis or the catabolism of fatty acids. 
Accordingly such investigations were inter- 
preted as following the view that choline en- 
hanced the transfer of newly synthesized fatty 
acids from the liver to the depots. If this is 


true, the mechanism still requires elucida- 


tion. 
Numerous findings have made increasingly 
difficult the acceptance of the idea that phos- 
pholipids, themselves, are the major transport 
form for fatty acids. Hevesy and Hahn*® 
found that when labeled serum phospholipids 
containing P*? made in one animal were in- 
jected into a second animal, most of the isotopic 
phospholipid was taken up by the liver. In 
similar experiments it was shown that if the 
liver is removed, or excluded from the circula- 
tion, labeled phospholipids disappear from the 
plasma at an extremely slow rate.'® More- 
over, in rats injected with inorganic P**, cho- 
line administration increases phospholipid turn- 
over in liver, but not in the plasma, the higher 
specific radioactivity of the plasma lipid P 
being merely the reflection of the high rate of 
phospholipid synthesis in the liver.” These 
results clearly suggested that there is a con- 
tinuous exchange of phospholipids between 
liver and plasma, but not between plasma and 
other tissues. In reviewing these findings 
several years ago I concluded that it seemed 
more likely that the lipotropic effect of choline 
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was due to an increased catabolism of fatty 
acids in the liver, but that much more direct 
evidence was needed before such a possibility 
could be accepted.”! 


I. IN VITRO OXIDATION OF FATTY ACIDS IN THE 
LIVERS OF PROTEIN DEFICIENT RATS 


Herein is presented a schema* adapted from 
one drawn by Stetten and Salcedo” with modi- 
fications to incorporate the growing evidence 
that oxidation and synthesis of fatty acids occur 
extensively in both depots and liver. In view 
of the multiplicity of the processes which may 
affect the levels of fatty acids in the liver as well 
as in the depots, it is obvious that the interpre- 
tation of the results obtained on intact animals 
is complex and subject to much uncertainty. 
Accordingly, it was felt that perhaps a clear cut 
demonstration of a possible role of choline in 
the oxidation of fatty acids could be obtained 
more easily in experiments on isolated tissue 
preparations. As pointed out by Weinhouse 
et al.*? in such experiments the use of fatty 
acids, labeled with C*, seemed to be especially 
advantageous. Because of the sensitivity 
and specificity of radioactive measurements, 
changes in the rate of fatty acid oxidation are de- 
monstrable, even if the total consumption of 
oxygen remains the same. Moreover, such 
changes can be easily distinguished from stimu- 
lations or inhibitions of the overall metabolism 
by other substances added in vitro. Last, since 
only minute amounts of substrates with high 
specific activity need to be used, one can avoid 
more or less completely the inhibition of oxi- 
dative processes which is caused by the im vitro 
addition of fatty acids, especially long-chain 
fatty acids.??:?% 


In our experiments,”* emulsions of stearate, 
or palmitate, labeled in the carboxyl carbon, 
were added to preparations from the livers of 
rats, previously maintained on various diets. 
After three hours, the radioactivity of the respir- 
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atory COs, and acetoacetate, was measured. 
Under these conditions, the livers of rats on a 
five per cent casein diet produced less C*4O, 
and less labeled acetoacetate than the livers of 
rats on a stock diet. In most cases, supple- 
mentation of the low-protein diet with choline 
restored the ability of the tissue to oxidize the 
added fatty acid at a high rate. Even more 
marked and consistent were the effects of large 
doses of choline injected shortly before the 
animals were killed. These results are exem- 
plified by the data of Table I.* 


TABLE I 


CO, Production from Stearate-1-C'* by Liver 
Homogenates of Rats on Various Diets 


TABLE II 


CO. and C!4-Acetoacetate Production from Stearate- 
1-C4 by Liver Slices and Homogenates 


Values per mg N 
of liver 


RatA Rat B 
(no dietary | (choline in 
supple- diet and 

ment)* injected) t 


Slices (Exp. No. 10) 
Respiratory C'O,: 27 199 
¢/min 
C!*-acetoacetate: c/min 
Neutral fat: mg 
Homogenate (Exp. No. 27) 
Respiratory CO»: 
¢/min 
C"-acetoacetate: c/min 
Neutral fat: mg 5.4 


Values per mg N of liver 
Diet 
No. 26 


No. 26* + GAAT | Choline 
1.0% 0.4% 


Rat A | Rat BE | RatC 
Respiratory COs: 310 1335 603 

c/m 
Neutral fat: mg 15.5 3.0 2.3 0.3 


* Diet 26: low-fat diet, containing 5% casein. 

Guanido-acetic acid. 

t Injected with choline chloride (150 4M/100 g rat) 
two hours before death. 


Differences in the production of C!*O, by the 
livers of rats receiving, or not receiving, choline 
were studied in tissue slices, homogenates, and 
particles separated from these homogenates 
(Table II and III). It seems, therefore, un- 
likely that such differences could be ascribed to 
differences in the permeability of the cell mem- 
branes for the substrate. On the other hand, 
since larger amounts of fats were generally 
present in the livers of choline-deficient rats, 
one cannot dismiss the possibility that the 
lower amounts of C'O. produced by these 
livers were merely the result of a greater dilu- 
tion of the isotopic substrate with a consequent 
lowering of the specific activity at the site of its 
oxidation. However, there was no inverse re- 
lationship between the fat contents of various 


*In this and many of the following tables the data 
have been referred to 1 mg of tissue N. However, 
identical conclusions could be drawn, if the values 
were expressed for the whole liver of a 100 g rat. 


* Diet 26: Low-fat diet containing 5% casein. 

¢ Choline chloride added to the diet (0.4%) and 
injected (250 u4M/100 g rat in two doses, 0.75 and 1.5 
hours before death). 


livers and the amounts of C'O, produced by 
these livers 2” vitro. Moreover, in the washed 
particles, from which practically all excess fat 
had been removed by the washings, the dif- 
ferences in the production of C!4O, were in the 
same direction and as large as in the unfrac- 
tionated homogenates (Table ITT). 

In some experiments we have also studied the 
distribution of C'* among the various lipid 


TABLE III 


CO, Production from Stearate-1-C!* by Liver 
Homogenates and Particles 


Values per mg N 
of liver 


Rat A Rat B 
(no dietary | (choline in 
supple- diet and 

ment)* injected) t 


Whole Homogenate 
Respiratory COs: 145 655 
c/mint 
Neutral fat: mg 13.6 0.8 
Mitochondria 
Respiratory 125 
c/mint 
Neutral fat: mg ef 0.5 


* Diet 26: 5% casein. 

¢ Choline chloride added to the diet (0.4%) and in- 
jected. (250 uM/100 grat in two doses, 2 hr and 1 hr 
before death). : 

t 3 hours’ incubation in air. 
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fractions, separated by chromatography, first 
on silicic acid and subsequently on Amberlite 
IRA-400. As shown in Table IV, during the 


TABLE IV 


Distribution of C' after Incubation of Liver 
Homogenates with Palmitate-1-C!** 


Rat B 
(Diet 


26 + 
choline) t 


Respir. COz 
Free fatty acids 
Neutral fat 
‘Phospholipids 
Neutral mg 
Phospholipids:® mg 


* 3 hr incubation in air. 

+ 5% casein, low-fat diet, unsupplemented (Rat A), 
or supplemented with choline, 0.4% (Rat B). 

t Liver homogenate (Rat A) maintained at 100° for 
10 min prior to the incubation. 

§ Values in per cent of the total counts recovered 
in the control flask, 

® Values per one gram of liver. 


incubation notable amounts of the isotopic 
fatty acid are incorporated into the phospho- 
lipid and in the neutral fat fractions. This 
process appears to be only partially enzymatic, 
since a rather extensive incorporation of palmi- 
tate into these two fractions (especially in neu- 
tral fat) occurred even in the control flasks con- 
taining boiled tissue. Similar observations 
have been made previously by others.% At 
any rate, it is apparent that, in spite of the dif- 
ferences in the fat content, approximately the 
same proportion of the isotopic palmitate was 
esterified as glyceride, or as phospholipid, in the 
two livers. Moreover, the comparison of the 
amounts of C' in the CO: produced and in the 
free fatty acid remaining at the end of the ex- 
periment clearly suggests that the oxidation has 
occurred at the expenses of the free fatty acid 
only. The results of other experiments, in 
which the C" content of acetoacetate was also 
determined, led to the same conclusion. There 
is therefore little doubt, at least in our mind, 
that the isotopic contents of the CO» and aceto- 
acetate produced during the incubation repre- 
sent a valid measurement of the oxidation of 
the fatty acid, added to the liver preparations. 
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Such a process is depressed in the liver of rats 
on low-protein diets and it is enhanced by the 
administration of choline in vivo. In comment- 
ing on these results, I stated’* that while the 
findings offered a reasonable explanation of the 
lipotropic action of choline, the possibility 
was not ruled out that other mechanisms might 
also be involved, as suggested by the earlier 
experiments on intact animals. 

On the other hand, the in-vitro addition of 
choline was uniformly ineffective, nor was any 
stimulation of fatty acid oxidation observed, 
when simple derivatives of choline such as 
phosphorylcholine, betaine aldehyde, or betaine* 
were added in vitro. We therefore postulated 
that the factor, or factors, responsible for the 
enhancement of fatty oxidation observed after 
choline administration was not free choline, 
but some substance formed from choline in 
vivo, and not under the conditions of our ex- 
periments im vitro. Since, as mentioned be- 
fore, the differences between the livers of rats re- 
ceiving, or not receiving, choline were demon- 
strable also in washed particles and in mito- 
chondria, one should think of compounds held 
firmly in the granular structures, such as the 
choline-containing phospholipids. 

Our observations may be compared with a 
number of other results obtained with noniso- 
topic technics. Several years ago Abdon and 
Boérglin® noted that oxidative processes were 
decreased in the skeletal muscle of rats on pro- 
tein deficient diets, and that choline, adminis- 
tered in vivo, but not in vitro, prevented such a 
decrease. According to Potter and Klug” and 
Lévy,” the ability to oxidize added octanoate 
is markedly depressed in homogenates of the 
livers of rats fed low-protein, high-fat diets. 
Administration of choline to these animals stim- 
ulated the oxidation of octanoate, whereas in 
vitro addition of choline, or phosphorylcholine, 
was not effective.”® 

More recently, under conditions similar to 
those of our experiments, Fritz*® also observed 


* Supplementation of a low-casein diet with betaine 
raised the in vitro oxidation of labeled fatty acids, 
although the increases were less marked than in the 
livers of rats on choline supplemented diets. Terminal 
injections of betaine were ineffective (C. Artom, un- 
published results) . 


Rat A | | 
| 
9.5 | 29.0 0.5 
45.7 9.3 84.7 
21.7 18.6 11.3 
19.6 | 20.7 3.6 
147.0 19.4 
19.5 18.5 


a decreased production of CO, from isotopic 
palmitate, added to homogenates of the livers 
of rats previously maintained on a low casein 
diet. Jn vivo administration of choline to these 
rats markedly enhanced the process. Only a 
slight degree of stimulation was observed, when 
rats on a stock diet were injected with choline. 
In a further investigation we have also stud- 
ied the oxidation of fatty acids in tissues other 
than the liver.*! The results indicate that ad- 
ministration of choline to protein-deficient rats 
enhances fatty acid oxidation not only in the 
liver, but also in the kidney and heart (Table 
V). These findings are of interest, in view of 


TABLE V 


Effects of Choline Administration on Oxidation of 
Palmitate-1-C* in Tissue Homogenates 


Rats on Diet 26, containing 5% casein. Average relative values 
per mg N of tissue* 


Kid- Tes- 
Liver ney Heart Brain tis 
Choline-Cl 120f 106 99 
injected ft 
In diet$ 210¢ | 182¢| 135 94 
and in- 
jectedt 


* C40, produced by the tissues of rats not receiving 
choline=100. Incubated in air for 3 hours. 

¢ 0.250 uM/100 g rat in two doses, 2 hours and 1 
hour before death. 

t Significantly different from 100 (P < 0.05). 

§ Choline Cl, 0.4%. 


the occurrence of necrotic lesions in the kidney*” 
and in the heart and large vessels**:*4 of rats on 
choline-deficient diets. Wilgram et al.® have 
pointed out that these changes are preceded by 
an accumulation of fat which can be prevented 
by supplementation of the diet with choline. 
In other types of fatty liver, for which cho- 
line deficiency is not directly responsible, there 
is no definite evidence of an impaired oxidation 
of fatty acids. Indeed, conflicting reports 
have been published on the O, uptake, or on the 
production of ketone bodies by slices of livers 
damaged with phosphorus or carbon tetrachlo- 
ride.**—-88 More recently, we have. studied the 
oxidation of C'*-stearate added to homogenates 
of the livers of rats which had received a series 
of injections of CCl, in oil. The data of the 
individual experiments were rather irregular. 


May-June, 1958] ARTOM 225 


However, from the average values, it would ap- 
pear that, while the livers of the rats injected 
with CCl, were quite fatty, the rate of fatty 
acid oxidation in these livers was not signifi- 
cantly different from that observed in the livers 
of control rats which had received the oil 
without 


II. LIVER LECITHINS AND FATTY ACID OXIDATION 


As mentioned before, it seemed likely that 
choline, administered in vivo, enhanced the 
oxidation of fatty acids in vitro by promoting 
the synthesis of phospholipids, especially leci- 
thins. Indeed, increases in the oxygen uptake 
have been noted, when lecithins, or products of 
the partial hydrolysis of lecithins, were added to 
mitochondria, isolated from the livers of rats, 
or guinea pigs.** In the latter type of prep- 
arations, phosphorylcholine stimulated the 
over-all oxygen uptake, but not the oxidation of 
C'4-palmitate. Oxidation of this substrate, 
however, was enhanced by the addition of ly- 
solecithin, or glycerol-phosphoryl-choline in the 
presence of coenzyme A. 

In many of our experiments on the livers of 
rats maintained on low-protein diets we have 
compared the effects of choline administration 
on the in vitro oxidation of fatty acids and on 
the amounts of choline-containing phospholip- 


TABLE VI 
Effects of Choline Administration on the Choline 
Containing Phospholipids and on Fatty Acid Oxidation 
in Liver Homogenates 


Rats on low-protein diets. Average values per mg N of liver 


Choline- 
containing CO, from 
No. of phospholipids fatty acidst 
pa Choline Change Change 
tions* administered mg A c/m A 
7(7) | None 0.33 104 
8(8) | In diet 0.42 | +27t | 216 | +107 
22 (38)| None 0.35 110 
30 (49)| Injected ter- | 0.45 | +29¢ | 230 | +109t¢ 
minally 
11 (28)} None 0.37 107 
10 (25)| In diet and | 0.56 | +51} | 358 | +234} 
injected 


* Number of rats in parentheses. 

t Homogenates incubated for 3 hours in air with 
stearate-1-C™ or palmitate-1-C™“. Values as per cent 
of the counts in the substrate X 102. 

t Significantly different from O (P < 0.05) 
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ids.4! The results of these experiments have 
been grouped according to the mode of admin- 
istration of choline, and the average values of 
each group are recorded in Table VI. Varia- 
tions of the individual data around the aver- 
ages were rather large, possibly because in each 
group of experiments a number of factors, such 
as the fat content of the diets, the time on the 
diet, and the age of the animals, varied con- 
siderably. Previous investigations have in- 
dicated that the effectiveness of dietary choline 
for maintaining high levels of lecithins in the 
liver is dependent on several such factors.‘?:* 
It is apparent, however, that in all three groups 
of experiments, choline administration has 
caused increases in both the lecithin levels and 
the in vitro oxidation of fatty acids, and that 
such increases are statistically significant. 

A similar rough parallelism between these 
two effects of choline was exhibited in experi- 
ments in which protein-deficient rats were in- 
jected with one large dose of choline and killed 
at various time intervals between 0 and 180 
minutes after the injection (Table VII). 


TABLE VII 
Choline-Containing Phospholipids and Fatty Acid 
Oxidation in Liver Homogenates at Various Times 
After Injection of Choline 


Rats on low-protein diets. Average values per mg N liver 
(4 experiments) 


Choline- 
containing 
phospholipids 


Change 
% 


CO from 
fatty acidst 
Hours after 
injection 
choline* mg 
0.273 
5 0.333 +22 +106 
.0 0.402 +47 159 + 71 
3.0 0.494 +81 209 +120 


Change 
% 


* 150 uM choline-Cl per 100 g rat in one injection. 

¢ Liver homogenates incubated for 3 hours in air 
with palmitate-1-C'*. Values as per cent of the counts 
in the substrate 


In other investigations,‘! we have compared 
the changes in the fat content, in the lecithin 
level and in the rate of fatty oxidation, resulting 
from the administration of substances which 
might be expected to interfere, directly or in- 
directly, with the synthesis of choline or with 
its incorporation into liver lecithins. In one 
series of experiments, rats were maintained on 
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low-protein diets, unsupplemented, or supple- 
mented with either triethylcholine, or choline. 
From the average values recorded in Table 
VIII, it would appear that the effects of the un- 


TABLE VIII 
Lipids and Fatty Acid Oxidation in Liver Homog- 
enates of Rats Receiving Triethylcholine, Choline, 
or no Supplements 


Rats on low-protein diets. Average values per mg N of livers 


Substances added to the diet* 


Triethyl- 


choline Choline None 


Neutral fat: mg 2.48 2.25 4.04 
Phospholipids 
Choline-containing: 0.46 0.47 0.33 
mg 
Total mg 1.00 
C" from fatty acidst 
Respiratory CO:: 144 230 
c/m 
Acetoacetate: 134 148 
c/m 
Total c/m 278 378 198 
No. of determinations 12 12 11 


0.95 


* Triethylcholine 0.65 g, or choline-Cl 0.5 g, added 
to 100 g of diet, after a depletion period. 

ft Homogenates incubated for 3 hours in air with 
stearate-1-C'4, Values as per cent of the counts of the 
substrate X 10?, 


natural analogue resemble those of choline in 
causing a decrease in the fat content of the liver 
and increases in both the lecithin level and the 
rate of fatty acid oxidation. However, the 
data of the individual experiments were rather 
irregular, and, especially in those experiments 
in which the animals had been on the experi- 
mental diet for longer periods, triethylcholine 
was only slightly, or not at all, effective. It 
might be noted in this respect, that while a 
lipotropic effect of triethylcholine has been 
reported by some authors, “* in other conditions 
such an effect was not apparent.” 

We next compared the effects of supplement- 
ing the low-protein diets with diethanolamine, 
choline, or guanidoacetate, the last substance 
being supposed to make more severe the de- 
ficiency of choline“ (Table IX). Previous in- 
vestigations in this laboratory indicated that 
diethanolamine, added to low-protein diets, 
caused a decrease in the rate of the synthesis of 
liver phospholipids, as measured by the in- 
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TABLE IX 


Lipids and Fatty Acid Oxidation in Liver 
Homogenates of Rats Receiving Diethanolamine, 
Choline, or Guanidoacetate 


Rats on low-protein diets. Average values per mg N of liver 


Substances added to the diet* 
Di- 
ethanol- Guanido- 
amine Choline acetate 
Neutral fat: mg 0.94 1.21 5.16 
Phospholipids 
Choline-containing: 0.17 0.42 0.36 
mg 
Total: mg 1.14 1.03 1.06 
from fatty acidst 
Respiratory CO: 163 177 80 
c/min 
Acetoacetate: 99 118 45 
¢/min 
Total: c/min 262 295 125 
Number of determina- 13 9 12 
tions 


* Diethanolamine 0.5 g, choline-Cl 0.5 g, or guanido- 
acetic acid 1.5 g, added to 100 g of diet, either immedi- 
ately, or after a depletion period. 

¢ Liver homogenates incubated for 3 hours in air 
with stearate-1-C!*, Values as per cent of the counts 
of the substrate X 107. 


corporation of P**, and marked changes in the 
phospholipid composition of the tissue.” 
These changes have been found again in the 
present experiments.‘! In the livers of rats 
which had received diethanolamine for several 
days, the choline-containing fraction is de- 
creased, often much more markedly than in the 
livers of the controls on the choline-deficient 
diets. At the same time there occurred a con- 
siderable increase in the noncholine containing 
fraction. These changes are exactly opposite 
to those induced by choline supplementation. 
On the other hand, with diethanolamine as well 
as with choline, the in vitro oxidation of fatty 
acids is enhanced and the fat content remains 
low. These findings, in conjunction with 
others obtained in our laboratory more recently, 
suggest that diethanolamine interferes with the 
incorporation of choline into lecithins without 
actually impairing the synthesis of choline 
itself. 


In another series of experiments, female rats 
on a stock diet, have been injected with large 
doses of pL-ethionine under the conditions de- 


May-June, 1958] ARTOM 227 


scribed by Jensen ef al.“ Other animals re- 
ceived both ethionine and methionine, or eth- 
ionine and choline, or a saline solution only. 
All rats were killed 24 hours after the first in- 
jection. The average data (Table X) show 
that, in the livers of the rats injected with 
ethionine, there was an increase in liver fat and 
a very considerable decrease in the oxidation of 
fatty acids im vitro. Both changes were pre- 
vented by methionine injected together with 
ethionine. Choline, injected with ethionine, 
was ineffective and even might have increased 
the effects of ethionine, especially the ac- 
cumulation of fat. On the other hand, the 
levels of the total and of the choline-con- 
taining phospholipids in the livers of rats re- 
ceiving ethionine, or ethionine and choline, 
remained as high as in those of the control rats 
which had been injected with NaCl, or with the 
mixture of methionine and ethionine.“’ It 
might be pointed out that in dogs receiving 
ethionine over a rather prolonged period, Fein- 


TABLE X 
Lipids and Fatty Acid Oxidation in Liver 
Homogenates of Rats Receiving or not 
Receiving DL-Ethionine 


Female rats on a stock diet, then fasted for 24 hours. Average 
values per mg N of liver 


Substances injected* 


Ethio- 
Ethio- nine 
nine 
Ethio- + methio- 


nine Choline nine NaCl 


Neutral fat: mg 2.68 | 3.12 | 0.59 | 0.70 
Phospholipids 
Choline-contain- | 0.56 0.49 0.52 | 0.41 


ing: mg 
Total: mg 1.23 1.20 1.11 | 0.99 
from fatty 
acidst 
Respiratory 36 9 213 219 
CO:2: ¢/min 
Acetoacetate: 27 3 116 172 
¢/min 
Total: c/min 63 12 329 391 
Number of deter- 11 5 10 5 
minations 


* Total amounts injected: pL-ethionine 1.3 mM, 
choline-HC1 0.65m mM, pt-methionine 1.3 mM, NaCl 
0.9% 12 ml, per 100 g rat (4 injections). 

{ Liver homogenates incubated for 3 hours in air 
with stearate-1-C!4, or palmitate-1-C'4. Values as per 
cent of the counts of the substrate XK 102. 
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berg et al.*° and Furman et al. observed a pro- 
gressive decrease in all lipid and lipoprotein 
fractions of blood plasma. On the basis of 
their observations, the authors ascribe the fatty 
livers of dogs receiving ethionine to a de- 
creased mobilization of fats, possibly because 
of an impaired synthesis of plasma lipoproteins 
in liver. A similar defect in the synthesis of 
enzyme proteins or lipoproteins could perhaps 
explain the strong inhibition of fatty acid oxi- 
dation which we have observed in our “acute” 
experiments. Such inhibition could be at least 
one factor for the production of fatty livers in 
the rats injected with ethionine. At any rate, 
it does not appear that choline deficiency was 
responsible, since the effects of ethionine were 
not prevented by the administration of choline. 
On the other hand, in a few experiments in 
which we have studied the incorporation of 
P*?, we could not detect any marked inhibition 
of the synthesis of lecithins in the liver of rats 
injected with ethionine. 

In Table XI, the results of our various 


TABLE XI 


A Comparison of the Effects of the Administration of 
Choline, Triethylcholine, Diethanolamine, or Ethionine 


Increases over (+), or decreases from (—) the controls 


Choline- 
containing 
phospholipids 


Rate 
of syn- 
thesis* 


Substances 
administered 
Cholinet 
Triethylcholinet 
Diethanolaminet 
Ethioninet 


* Experiments with 
¢ Controls on choline-deficient diets. 
¢ Controls on stock diet. 


Level 


groups of experiments‘! are summarized and 
compared also with previous data on the effects 
of choline, triethylcholine, and diethanolamine 
on the synthesis of liver lecithins.!?:1*-47.5! It 
appears that, with all four substances tested, 
changes in the rate of fatty acid oxidation in 
vitro are accompanied by opposite changes in 


the degree of fatty infiltration. However, 
whereas choline and triethylcholine cause in- 
creases in the synthesis and in the level of liver 
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lecithins and also enhance fatty acid oxidation, 
such a parallelism is not maintained after ad- 
ministration of ethionine or diethanolamine. 
The results obtained with the latter compound 
indicate that a low-fat content and a high rate 
of fatty oxidation in vitro can be attained, even 
when the rate of the synthesis and the level of 
lecithins in the liver are markedly depressed. 


The possibility remains that the enhance- 
ment of fatty acid oxidation by choline admin- 
istration im vivo is due to the increased forma- 
tion either of a choline derivative other than a 
phospholipid, or of one type of lecithin which 
exerts some specific role and may be a minor 
component of the whole choline-containing frac- 
tion of liver phospholipids. 

Several reports indicate that phospholipids 
are essential constituents of important en- 
zymes, such as the ATPases of skeletal muscle,*? 
or liver nuclei.5* The lipoprotein nature of a 
DPN-cytochrome c reductase isolated from rat 
muscle has been described recently.** More- 
over, integrated enzyme systems, such as 
succinoxidase preparations or mitochondria 
where many oxidative processes, including the 
beta-oxidation of fatty acids and the reactions 
of the Krebs cycle, do occur, are rich in phos- 
pholipids. When these preparations are 
treated with phospholipases of various types, a 
number of the enzymes present are inactivated, 
and the inactivation parallels the destruction of 
phospholipids. In the recent experiments of 
Lévy and Legrand,® the ability of liver homog- 
enates to oxidize octanoate was suppressed by 
lecithinase D of Clostridium Welchii, whereas 
the endogenous respiration was only partially 
inhibited. The effects of the lecithinase were, 
at least to a large extent, prevented by the ad- 
dition of serum-containing specific antibodies 
against the enzyme. Likewise, treatment of 
mitochondria or of other polyenzymatic prep- 
arations by detergents, by lipid solvents, or by 
substances which may interact with phospho- 
lipids, also inactivate many of the enzymes 
present in such preparations.* 


It is of course possible that phospholipids are 
essential for the orderly occurrence of complex 


* For a bibliography of these topics the reader is 
referred to several 


Fatty 
Fatty acid 
infiltr. oxid. 
- 
- + + 
= + 
+ - 


processes involving a number of individual re- 
actions (such as fatty acid oxidation) not neces- 
sarily because phospholipids are integral com- 
ponents of individual enzymes, but because 
they contribute in maintaining the spatial con- 
figuration of these enzymes in the granular 
structures of the cells. Evidence for the latter 
interpretation may be found in the observation 
that a partial enzymatic splitting of phospho- 
lipids inactivates succinic oxidase, whereas the 
individual components (succinic dehydrogenase 
and cytochrome oxidase) are still quite active. 

From another viewpoint, it may well be that 
the existence of common pathways for the syn- 
thesis of phospholipids and neutral fats, which 
has been pointed out by Dr. Kennedy, will some 
day offer a basis for interpreting the apparent 
relationship between fatty acid metabolism and 
phospholipid turnover in the liver. 

Whatever will turn out to be the final ex- 
planation, it seems unlikely that it will include 
the hypothesis of an actual incorporation of 
fatty acids into phospholipids, as a preliminary 
stage of fatty acid catabolism. Indeed, there 
is no definite place for such a stage in the 
present scheme of fatty acid catabolism, which 
has been established much more firmly and 
clarified to a very considerable degree during 
the last few years. 


Ill. DIETARY FACTORS OTHER THAN CHOLINE 
INVOLVED IN FATTY ACID OXIDATION 


The low-casein diets used in our previous ex- 
periments on the im vitro oxidation of isotopic 
fatty acids contained little methionine and 
were practically free of cystine. Accordingly, 
we also studied the effects of supplementing 
these or similarly deficient diets with sulfur- 
containing amino acids.” In Table XII, we 
have compared the average results of experi- 
ments, carried out simultaneously on the livers 
of rats which had been maintained for the same 
periods of time on various deficient diets, un- 
supplemented, or supplemented with cystine, 
choline, or methionine. It is apparent that 
any one of these supplements added to the ex- 
perimental diets enhanced the oxidation of 
fatty acids in vitro, the increases being of about 
the same order of magnitude for each of the 
three substances tested. 
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TABLE XII 


Effects of Dietary Cystine, Choline, or Methionine on 
Fatty Acid Oxidation in Liver Homogenates 


Rats on diets low in cystine and methionine. Substrate: 
stearate-1-C!4, or palmitate-1-C'4. Average relative values per 


mg 
Dietary supplements* 
Methio- 
Cystine Choline nine 
Respiratory C“O.t 277t 254 
Number of experi- 
ments 15 11 8 


-cystine 1, choline chloride 0.4, pit-methionine 
1%. 

+ Livers of rats on the unsupplemented diets = 100. 

tf Significantly different from 100. 


In other experiments, the effect of tocopherol 
administration was tested. Indeed it is 
known that a massive liver necrosis occurs fre- 
quently with diets low in S-containing amino 
acids, and that complete protection can be ob- 
tained by supplementing these diets with cys- 
tine, or with tocopherol, or with the so-called 
factor 3 (which is apparently an organic com- 
pound of selenium).*! Table XIII summarizes 
the data of experiments, in which tocopherol 
had been omitted from the vitamin mixture, 
and the animals had been maintained on various 
low-protein diets, without or with the addition 
of tocopherol, or cystine, or both tocopherol 
and cystine. The results indicate that tocoph- 
erol alone is quite effective in maintaining a 
high rate of oxidation of fatty acids added in 
vitro. 


TABLE XIII 
Comparison of Effects of Dietary Cystine and/or 
Tocopherol on Fatty Acid Oxidation in Liver 
Homogenates 


Rats on diets low in cystine and methionine. Substrate: 
stearate-1-C!4 or ee" Average relative values per 
mg 


Dietary supplements* 


Cystine 

Toco- + toco- 

Cystine pherol pherol 

Respiratory C'O.f 194f 361t 203 
Number of experi- 11 10 


ments 


* Cystine 1.5, tocopherol 0.025%. 

t Livers of the rats on the unsupplemented diets = 
100. 

t Significantly different from 100 (P < 0.05). 
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Supplementation of the deficient diets with 
either cystine, or tocopherol, or both, also en- 
hanced the synthesis of fatty acids in liver slices 
incubated with acetate-1-C'. On the other 
hand, choline injected terminally in the ani- 
mals, stimulated the oxidation, but not the syn- 
thesis of fatty acids im vitro. The effects of 
choline injected into rats previously maintained 
on deficient diets, unsupplemented, or supple- 
mented with cystine, are summarized in Table 
XIV. 


TABLE XIV 
Effects of Choline Injected Terminally on Fatty Acid 
Oxidation, or Synthesis, in Liver Homogenates, or 
Slices 


Rats on diet 26, containing 5% casein. Average relative values 
per mg N liver 


Homogenates: 
Choline CO: from 
injectedt | palmitate-C'} 


Slices: fatty 
acids from 
acetate-C'4} 

GAA 100 100 
3738 (7) 89 (9) 
241§ (11) 3118 (9) 
4028 (6) 166 (9) 


* Guanidoacetic acid (GAA) 1.5, cystine 1.5%. 

+ 250 uM of choline C1/100 g rat, in two doses, 2 
hours and 1 hour before death. 

t No. of experiments in parentheses. 

§ Significantly different from 100 (P < 0.05). 


Dietary 
supplement* 


Cystine 


Because of these apparent differences in the 
effects of choline and cystine on the oxidation 
and on the synthesis of fatty acids, respectively, 
we suggested that choline and cystine act on 
fatty acid metabolism through different mech- 
anisms and at different biochemical sites. In 
this respect, the possibility was mentioned that 
the effects of cystine, and perhaps of tocopherol 
also, were due to the maintenance of high levels 
of coenzyme A in the tissue. Indeed in the 
livers of rats on cystine-deficient rats, Olson 
and his associates have found decreased amounts 
of CoA® and a lower rate of incorporation of 
cysteine-S*® into CoA. 

Likewise, changes in the amounts or in the in- 
tracellular distribution of other factors, such as 
glutathione,“ cytochrome C,® and especially 
pyridine nucleotides,®*:*—® have been described 
in various conditions which lead to fatty or 
necrotic livers (including choline deficiency). 

In a number of unpublished experiments, we 
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have added several of these factors to prepara- 
tions of the livers of rats which had been main- 
tained on deficient diets, unsupplemented or 
supplemented with either choline or cystine. 
The factors studied included: ATP, DPN, 
CoA, cysteine, CoA and cysteine, cytidine tri- 
phosphate and cytidine-choline diphosphate.* 
In unfractionated homogenates, ATP generally 
stimulated fatty acid oxidation, whereas with 
most other factors, inhibitions rather than 
stimulations were observed. In the experi- 
ments in which mitochondrial preparations 
were used, an absolute requirement for ATP was 
apparent. CoA, especially if added together 
with cysteine, markedly enhanced ‘fatty acid 
oxidation. However, the stimulations ob- 
served were of approximately the same order of 
magnitude, whether the mitochondria had been 
prepared from deficient livers, or from the livers 
of rats which had received cystine, or choline. 
Some of these findings are exemplified in Table 
XV. Thus we are still unable to define the 
specific deficiency, or deficiencies, which may 
be directly responsible for the decreased rates of 
fatty acid oxidation observed in the livers of 
rats on our low-protein diets. 

Furthermore, some other observations made 
in the course of our more recent experiments 
have added to the difficulties of interpreting our 
earlier results. In a number of instances, in 
which, instead of a 5 or an 8 per cent casein 


* Kindly supplied by Dr. E. P. Kennedy. 


TABLE XV 
Effects of the in vitro Addition of CoA and Cysteine 
on the Oxidation of Palmitate-1-C'* in Liver 
Mitochondria 


Rats on diet 26, containing 5 per cent casein. 
Values per mg N liver mitochondria* 


Rat A 
(no dietary 
supplement) 


Rat B 
(choline 0.4% 
in diet) 


No CoA and No 
addi- cysteine addi- 
tions added tions 


CoA and 
cysteine 
added 

Respiratory 252 1780 541 2378 
C40O.: c/m 

C'4-Acetoace- 230 
tate: c/m 

Total C'4 from 482 
fatty acids: 
c/m 


2254 350 3142 


4034 5510 


* 3 hours’ incubation in air. 
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diet, we used a basal diet containing 15 per 
cent of alpha-protein from soya bean, choline 
supplementation of the diet did not raise the 
oxidation of fatty acids in vitro. 

Similar findings have been reported recently 
by Fritz.®® As mentioned before, this author® 
was able to almost exactly duplicate our re- 
sults on the oxidation of isotopic palmitate, 
added in vitro to the livers of rats on a low- 
casein diet. However, in subsequent experi- 
ments in which a diet containing 10 per cent 
casein and 10 per cent alpha-protein was used, 
the livers were quite fatty, but there was no de- 
tectable decrease in the ability of the tissue to 
oxidize palmitate. 

A discrepancy between the lipotropic effect 
of choline and its action on the im vitro oxida- 
tion of fatty acids is also apparent from the re- 
cent results of Bernhard et al.” These authors 
maintained rats on a diet containing 8 per cent 
casein and 12 per cent gelatin, with or without 
addition of choline: during the last six days of 
the experiments, all animals received daily in- 
jections of a solution of acetate-1-C™. Slices 
of the livers of these rats were then incubated 
for two hours, and the amounts and the radio- 
activity of the tissue fatty acids and of the 
CO: produced during the incubation were de- 
termined. There may be some question in the 
interpretation of the results of such type of ex- 
periments, since the slices of the choline-deficient 
livers had an average content of labeled fatty 
acids four or five times greater than those of 
the livers of rats which had received choline. 
However, the specific activities of the fatty 
acids in the two types of livers were not much 
different, nor was a significant difference detect- 
able in the average specific activities of the 
respiratory CO.. Assuming that, under the 
conditions of these experiments, there was no 
preferential utilization of a more actively me- 
tabolized fraction of the newly synthesized fatty 
acids,”! and assuming furthermore that the 
CMO, produced was derived chiefly from the 
isotopic fatty acids present in the liver at the 
beginning of the incubation, the results of Bern- 
hard et al.”° would indicate that fatty acids pre- 
viously synthesized im vivo from acetate were 
metabolized in vitro at essentially similar rates, 
whether or not choline had been added to the 
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diet. Yet, neutral fat accumulated in much 
larger amounts in the livers of rats which had 
been on the diet not supplemented with choline. 

It appears today that the decrease in the rate 
of the oxidation of fatty acids which occurs in 
the liver of rats on low-protein diets, can be pre- 
vented more or less completely by supplement- 
ing the diets with choline, or cystine, or toco- 
pherol, as well as by using higher levels of pro- 
teins with a minimal content of sulfur amino 
acid. At present, there is no satisfactory ex- 
planation which might include these various 
findings. 

In long range experiments, the possibility of 
a sparing action of choline by other dietary fac- 
tors should perhaps be considered. At any 
rate it would be difficult to explain the enhance- 
ment of the in vitro oxidation of fatty acids by 
choline injected terminally, if choline, or a 
choline derivative, did not have some role, 
direct or indirect, in the oxidation of fatty 
acids. Since such a role seems to be clearly 
demonstrable only in the liver of animals on 
low-protein diets, one might think also of a pos- 
sible relationship to the synthesis of proteins, or 
perhaps more specifically, of lipoproteins, con- 
taining lecithins as the lipid moiety. It may 
be pointed out in this respect that a number of 
other recent findings suggest that in choline- 
deficient animals, profound alterations of the 
metabolism not only of fat, but of proteins also, 
may develop.”2~% 

The possibility that choline, directly or in- 
directly, might affect the formation in the liver 
of lipoproteins which carry most of the fatty 
acids in plasma, is attractive. Some results re- 
ported by Olson and associates in a preliminary 
form’ seem to be in line with such a possibility. 

Other possibilities can also be visualized, 
such as an effect of choline on the nonesterified 
fatty acids of plasma. Indeed, recent data 
suggest that these fatty acids which represent 
only a small fraction of the total, may play a 
considerable role in the transport of fatty acids. 


IV. CONCLUSION 


It appears today that the evidence for a role 
of choline in fatty acid oxidation remains re- 
stricted to the results of the experiments on 
preparations of the liver and of a few other 
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tissues from rats, previously maintained on 
low-protein diets. In these animals deficien- 
cies of factors other than choline are also pres- 
ent. Administration of choline to such ani- 
mals enhances the oxidation of fatty acids 
added to tissues in vitro. This effect is gen- 
erally accompanied by decreases in the amount 
of fat and by increases in the rate of synthesis 
and in the level of liver lecithins, thus suggest- 
ing that choline may act on fatty acid oxidation 
because it promotes lecithin formation. How- 
ever, such relationships are not maintained un- 
der all conditions: for instance, low-lecithin 
levels together with low-fat contents and a high 
rate of fatty acid oxidation have been found in 
the livers of protein-deficient rats receiving di- 
ethanolamine, a substance which probably in- 
terferes with the formation of liver lecithins. 

On the other hand, enhancements of fatty 
acid oxidation in vitro similar to those caused by 
choline administration, have been obtained by 
supplementing low-protein diets with cystine, 
or tocopherol, and also by raising the level of 
dietary protein without substantially increas- 
ing the supply of methionine and cystine. 
Since with diets of the type last mentioned, fat 
still accumulates in the liver, it appears now 
that the lipotropic action of choline cannot be 
explained merely as the result of an enhanced 
oxidation of fatty acids in the liver. 

In earlier and recent experiments im vivo with 
D,0O or with C'*-acetate, the amounts of 
newly synthesized fatty acid present in the 
liver and in the depots of animals receiving, or 
not receiving, choline have been compared. 
The interpretation of the results of this type of 
experiment is complex and therefore subject to 
some reservation. Since no evidence was ob- 
tained for an increased rate of fatty acid oxida- 
tion in the rats fed choline-supplemented diets, 
such results have been taken as an indication 
that choline acts by enhancing the mobilization 
of fatty acids from the liver. It should be 
pointed out, however, that the two interpre- 
tations are not mutually exclusive: indeed, the 
possibility exists that more than one mechanism 
is involved in the lipotropic action of choline, 
and that perhaps the relative importance of 
these mechanisms may vary under different 
nutritional conditions. At any rate, since 
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it is unlikely that phospholipids represent a 
major form either for the transport of fatty 
acids in plasma, or for the oxidation of fatty 
acids in the liver, the mode of action of choline 
in favoring one, or the other, or both processes, 
remains to be clarified. At the present time, 
one might only speculate on a relationship be- 
tween these processes and the synthesis of 
lecithin-containing lipoproteins in the liver. 

Aside from this or similar speculations, the 
most recent findings have introduced a number 
of complications and uncertainties in the inter- 
pretation of results which a few years ago 
seemed to clearly suggest an important role of 
choline in the oxidation of fatty acids in the 
liver. At the present time, and until we shall 
be able, first, to define such a role in chemical 
terms and at the molecular level, and, second, 
to decide whether, and to what extent, the ef- 
fects observed in the experiments in vitro can be 
extended to the conditions of the intact ani- 
mals, I feel that perhaps the title of this paper 
should be followed by a question mark. In 
other words, the role of choline in fatty acid 
oxidation seems to be still a field wide open to 
future investigations. 
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DISCUSSION 


Dr. M. Bates (University of Pittsburgh, Pittsburgh, 
Pa.): Certainly one of the most interesting problems 
concerning the fatty livers associated with choline de- 
ficiency is the origin of the excessive amounts of fatty 
acids which accumulate in the liver. The possibility 
that the choline-containing phospholipids are impor- 
tant as a vehicle in the transport of the fatty acids 
from the liver has been pretty well eliminated. The 
evidence is controversial as to whether there is in- 
creased fat synthesis in the liver of the choline-deficient 
animal (K. Bernhard, G. Ulbrecht, M. Ulbrecht, and 
H. Wagner, Helv. Chim. Acta 37: 1439, 1954; K. Gug- 
genheim and R. E. Olson, J. Nutrition 48: 345, 1952). 
Dr. Olson’s and Dr. Artom’s data would suggest that 
fat of ‘“‘normal” specific activity accumulates in the 
liver of the choline-deficient rat. In addition, the 
in vitro work described by Dr. Artom would indicate 
that decreased oxidation of fatty acids may also occur 
in these fatty livers. 

Dr. Artom has shown that in choline-deficient ani- 
mals there is a decrease in the amount of choline- 
containing phospholipids in the liver and that after 
an injection of choline there is a marked increase in 
the amount of this type of phospholipid. Has he tried 
to correlate the concentration of choline-containing 
phospholipids in the liver and the amount of fatty acids 
oxidized? Ifa correlation did exist it might give some 
support to the idea that the choline-containing phos- 
pholipids are concerned with the oxidation of fatty 
acids. 

Several papers have shown that when a choline 
deficient liver slice from a rat or dog is incubated with 
choline there is an increased rate of formation of the 
choline-containing phospholipids (M. C. Fishler, A. 
Taurog, I. Perlman, and I. L. Chaikoff, J. Biol. Chem. 
141: 809, 1941; C. Artom and M. A. Swanson, J. 
Biol. Chem. 193: 473, 1951; N. R. DiLuzio and D. B. 
Zilversmit, J. Biol. Chem. 205: 867, 1953). In the work 
Dr. Artom described, the in vitro addition of choline 
to liver slices did not result in an increased fatty acid 
oxidation, and in some cases an inhibition resulted. 
Wouldn’t this suggest that the choline-containing 
phospholipids are not involved in fatty acid oxidation? 


Dr. Kennedy: There is just one comment I would 
like to make about Dr. Artom’s interesting work. 
«Now that the enzymes which catalyze the oxidation of 
fatty acids have been isolated in pure form in so many 
laboratories, it would appear that a direct requirement 
for choline or even for phospholipids in the action of 
these enzymes is ruled out. 

There is one problem remaining, however, and that 
is the form in which the fatty acid is presented to the 
mitochondrial fatty-acid oxidase system, whether it is 
presented as free fatty acid which is activated by ATP 
plus CoA or whether it is presented as phospholipid or 
as a neutral fat. It certainly has been well established 
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that the actual form in which the fatty acid is oxidized 
is the CoA ester and not as phospholipid. In view of 
the fact that recent studies have shown that the un- 
esterified fatty acids of the blood are the major form in 
which fats are transported, perhaps it is the unesterified 
or so-called free fatty acid fraction which is acted upon 
by the fatty acid oxidase system of the liver cell as well. 


Dr. Artom (closing remarks): In reference to Dr. 
Bates’ remarks, it seems to me that our data indicate 
that a rough parallelism between the amounts of 
choline-containing phospholipids in the liver and the 
ability of the tissue to oxidize fatty acids does occur 
in many, but not in all conditions. Therefore, these 
findings give little or no convincing evidence for the 
idea that choline-containing phospholipids are neces- 
sarily involved in fatty acid oxidation. 

In this respect, Dr. Bates has also pointed out that, 
while choline administered im vivo stimulates both the 
synthesis of phospholipids and the oxidation of fatty 
acids, there is some discrepancy in the effects of choline 
in vitro. Choline added in vitro does not stimulate 
fatty acid oxidation, whereas in our earlier experi- 
ments on the synthesis of phospholipids the addition of 
choline to liver slices from protein-deficient rats was 
partially effective. I believe that in similar experi- 
ments on the livers of choline deficient dogs, Dr. Zilver- 
smit found that choline, added in vitro, stimulated the 
formation of lecithins to values even higher than in 
those found in liver slices from dogs on an adequate diet. 

Concerning the suggestion made by Dr. Kennedy, 
I must admit that I have speculated on the same 
possibility which Dr. Kennedy has mentioned: that is, 
that unesterified fatty acids, which are only a very 
small fraction of the total fatty acids of blood plasma, 
may represent the form most active metabolically, not 
only for the transport in blood, but also inside the 
cells, The data I have shown concerning the distribu- 
tion of C'4-fatty acid at the end of the incubation 
indicate that in the livers of both normal and choline- 
deficient rats, the oxidation occurred at the expense 
of the nonesterified fraction. Possibly the role of 
choline in this regard is somewhat indirect. Perhaps 
choline promotes the formation of some lecithin- 
containing lipoproteins in the liver, which may be 
important either, as I mentioned, in maintaining the 
spatial configuration of the enzymes in the mitochon- 
dria, or, as Dr. Kennedy has suggested, in favoring the 
binding of the substrate to the enzymes on the surface 
of the mitochondria. Moreover, these lipoproteins 
synthesized in the liver, may represent the form in which 
fatty acid are carried away from the liver to the depots. 

The last point I want to make refers to the effect of 
cytidine triphosphate and cytidine diphosphate choline. 
Dr. Kennedy was kind enough to send us some of his 
compound. Neither cytidine triphosphate or cytidine 
diphosphate choline had any effect upon the oxidation 
of fatty acids in vitro. 
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The Role of Choline in the Turnover of 
Phospholipids 


D. B. ZILVERSMIT, PH.D.* AND N. R. DiLvzio, pH.D.t 


(Bgl US FIRST consider the nature of the 
question, ‘‘What is the role of choline in 
the turnover of tissue phospholipids?” If our 
interest derived solely from the fact that choline 
is a constituent of a large portion of body phos- 
phatides, one might equally enquire about the 
role of the phosphate or glycerol moiety in the 
turnover of phospholipids. Clearly then, the 
implication is that choline may influence the 
metabolism of phosphatides in a manner that 
might explain a more ‘*triguing problem, 
namely, that of lipotropis: and it is this ques- 
tion that we shall consider at the present time. 

The recent emphasis on choline, methionine, 
vitamin By», and folic acid as lipotropic agents 
might tend to obscure the fact that lipotropism 
was discovered by Best and co-workers! as an 
activity of fed phosphatide. It was only after 
painstaking investigation that it was estab- 
lished that the whole phosphatide molecule was 
not essential for lipotropic action, but that 
choline alone could prevent or cure fatty infil- 
tration of the liver.? Later, it was discovered 
that other agents, one or more steps removed 
from the phosphatide molecule also exhibited 
lipotropic activity. Nonetheless, the question 
remained whether these lipotropes acted on fat 
oxidation or fat transport directly, and whether 
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their lipotropic activity was mediated through 
the phosphatide molecule. Although no direct 
evidence has yet been obtained on this prob- 
lem, there are several reasons why one might 
wish to adhere to the previously proposed con- 
cept that choline removes excessive liver fat by 
increasing fat oxidation via its action on liver 
phosphatides. The relation of choline to fat oxi- 
dation has been reviewed by Artom in the 
previous paper.’ We shall now consider some 
data relevant to the second part of the hy- 
pothesis: ‘Is the lipotropic action of choline 
mediated by stimulating the turnover of liver 
phosphatides?”’ 

One of the earliest investigations in which 
tracer P*? was used, showed that choline in- 
creased the incorporation of this label into liver 
phosphatides of rats maintained on a high-fat, 
low-protein, choline-deficient diet. At that 
time phosphatides were considered to be im- 
portant vehicles for the transport of fatty acids 
and it was thus logical to study the incorpora- 
tion of P** into the plasma phosphatides. Fig- 
ure 1 shows a typical result obtained from a 
study by Friedlander et a/.° in choline-deficient 
dogs. There can be no doubt that a single ad- 
ministration of choline to a choline-deficient dog 
markedly increased the incorporation of inor- 
ganic P*? into plasma phosphatides. One might 
be tempted to conclude that in this anima, 
plasma phosphatide turnover was markedly 
increased, but a careful study of specific ac- 
tivity relations of liver and plasma phos- 
phatides® revealed that the turnover of plasma 
phosphatides was not increased by choline and 
that the increased plasma phospholipid specific 
activity resulted from an increased synthesis of 
the precursor, namely, liver lecithin (Fig. 2). 
Here then, was direct proof that if choline di- 
minished liver fat by acting on phosphatide 
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SPECIFIC ACTIVITY 


° 12 24 36 48 60 72 8 9% 
HOURS AFTER P** ADMINISTRATION 

Fig. 1. Specific activity-time relations of plasma phos- 
pholipids of the dog after a single injection of P**. The 
same animal was studied after 14 days on a choline- 
deficient diet with and without oral choline supplement 
prior to injection of P**. (Reproduced from Friedlander, 
H. D., Chaikoff, I. L., and Entenman, C.: J. Biol. 
Chem. 158: 231, 1945; permission of the authors and 
publishers.) 


metabolism, it did not do so by increasing the 
transport of fatty acids from liver to extra- 
hepatic tissues as an integral part of the plasma 
phosphatide molecule. 

This conclusion was further supported by 
evidence obtained from hepatectomized ani- 
mals’ which demonstrated that plasma phos- 
phatides played little or no role in the transport 
of fatty acids from one organ to another. If 
however, choline effects the removal of liver 
fat through its action on phosphatides, the 
possibility had to be studied that this action 
occurred through stimulation of fat oxidation. 
There is no direct evidence that liver phospha- 
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SPECIFIC ACTIVITY x 10? 


1 
12 18 24 
TIME AFTER **P ADMINISTRATION, hr. 


Fig. 2. Specific activity-time relations of plasma and 
liver choline containing phospholipids in choline-defi- 
cient dogs. O plasma, 0 liver phospholipid specific 
activity after P**. @ plasma, @ liver phospholipid 
specific activity after P®* and a single dose of choline 
chloride. (Reproduced from Entenman, C., Chaikoff, 
I. L., and Friedlander, H. D.: J. Biol. Chem. 162: 111, 
1946; permission of the authors and publishe.s.) 


tides participate in fat oxidation but Table I 
summarizes some of our data on liver phospha- 
tide synthesis in depancreatized* and phlorizin- 
ized® dogs during periods when severe ketosis 
might be taken to indicate increased utilization 
in body fat. In both these preparations, the 
incorporation of P*? into liver phosphatides ap- 


TABLE I 
Liver Phospholipid Synthesis in Diabetic and Phlorizinized Dogs 


Control 


Depancreatized 


Control Phlorizinized 


Number of dogs 15 10 
Lipid P, mg/g 1.08 + 0.04 
Specific activity* 8.21 + 0.99 


1.13 + 0.05 
14.9 +1.5 


8 
1.32 + 0.12 
18.3 +1.3 


7 
1.30 + 0.10 
4.98 + 1.07 


Dogs were injected with P**-phosphate and sacrificed 6 hours later. 


* Per cent of the injected P** per g of phospholipid P. 
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peared to be increased parallel to the increase 
in fat oxidation. This furnishes at least cir- 
cumstantial evidence that liver phosphatides 
may be involved in the catabolism of body fat. 
Thus, we may summarize the available evi- 
dence as follows: (1) liver phosphatides may 
well participate in the oxidation of liver fat; 
(2) a single dose of choline stimulates liver 
phosphatide synthesis as well as the oxidation 
of fatty acids; and (3) choline does not in- 
crease the transport of liver fat by way of 
plasma phosphatides. Thus far the evidence 
supports the view that choline increases liver 
fat oxidation by stimulating liver phosphatide 
synthesis but we shall now consider some dis- 
cordant facts. 
First of all there are the experiments with 
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TABLE II 
Effect of Choline on Phospholipid Metabolism of Dog Liver Slices 
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lates fat oxidation by liver slices, the addition 
of choline to the incubating medium itself had 
no such effect. It is possible, of course, that fat 
oxidation in the liver slice is limited by factors 
other than the availability of phosphatides, but 
whatever the explanation, it is clear that stimu- 
lation of liver phosphatide synthesis is not the 
only prerequisite for an increase in fat oxidation. 

Another disturbing aspect of the situation 
appeared when the effect of a single dose of 
choline on the synthesis of liver phosphatides 
was compared with the effects of chronic sup- 
plements of this lipotropic agent. In one ex- 
periment, rabbits weighing 1.5 to 3 kg were 
placed on four different diets: (1) Purina chow; 
(2) high-fat, low-protein, choline-deficient 
diet;* (3) the same diet with daily choline sup- 


P converted choline-containing 


Choline-containing phospholipid/hr/g 
phospholipids 
Diet mg/g 


Without choline With choline 


Purina chow 0.67 + 0.02 7.6 + 0.67 8.3+0.91 
High-fat, low-protein, plus 1% choline (21 days) 0.44 + 0.02 3.7 +0.32 4.7+0.46 
High-fat, low-protein, choline-deficient (21 days) 0.35+0.01 4.0+0.32 18.4 +1.17 


mg per 100 ml. 


liver slices derived from choline-deficient rats’ 
and dogs.'! As shown in Table II, phosphatide 
synthesis in the slices of dog liver incubated 
with P*? is depressed as might be expected if 
choline were essential for the normal turnover 
of liver phosphatides. Similar results were ob- 
tained in rat-liver slices..° The addition of 
choline to the incubation medium had no effect 
on phosphatide synthesis of normal liver slices 
or on slices from animals supplemented with 
dietary choline but greatly accelerated the in- 
corporation of P*? into the choline-containing 
phosphatides of the choline-deficient liver slice. 
Thus, if choline were to act on fat catabolism 
merely by increasing liver phosphatide syn- 
thesis one might reasonably expect that when- 
ever choline stimulated liver phosphatide turn- 
over it would also increase the rate of fat oxida- 
tion. This is clearly not the case. Artom!™ 
showed that although injected choline stimu- 


Dog liver slices were incubated for 1 hour with P*?-phosphate in the presence and absence of choline chloride, 100 


plements, and (4) the same diet with a single 
intravenous injection of choline at the end of 
the 14-day experimental period. Radioactive 
phosphate was administered to all animals to 
measure liver phosphatide synthesis. The rab- 
bit was originally chosen for this experiment to 
study the relationship between choline de- 
ficiency, phosphatide metabolism, and athero- 
sclerosis.'* However, it appears that the rabbit 
may be particularly suited for the study of 
choline deficiency since this animal converts the 
methyl of methionine to choline very poorly.'* 
The results in Table III indicate that although 
the experimental animals were maintained on a 
low-protein, high-fat, choline-supplemented 
diet, their liver phosphatide concentration or 
synthesis did not differ from the chow-fed con- 


* The diet consisted of 38 g lard, 8 g casein, 44 g 
sucrose, 3 g of brewer’s yeast, 5 g of Cowgill’s salt mix- 
ture, and 2 ml of cod liver oil. 
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TABLE III 
Liver Phosphatide Metabolism of Rabbits 


High-fat—low-protein diet 14 days 


Daily oral No 
choline 
(2) 


Single dose 


treatment intravenous choline 
(3) (4) 


Number of animals 6 
Lipid P, mg P/g 1.06 + 0.10 
Specific activity* 12.4 +1.2 


1.17 + 0.04 
13.5 +1.9 


5 
1.25 + 0.09 
22.6 + 


2.1 


Rabbits were sacrificed 6 hours after administration of P**-phosphate. 


* Per cent of the injected P*? per g of phospholipid P. 


trols as long as choline was present in the diet 
(compare columns 1 and 2). Apparently the 
presence of large amounts of fat or little protein 
per se did not affect liver phosphatide metabo- 
lism. However, when choline was withdrawn 
from the diet, liver phosphatide synthesis, as 
measured by the incorporation of P**, nearly 
doubled. A further marked increase in liver 
phosphatide P** took place (columns 3 and 4) 
when a single dose of choline was given to the 
choline-deficient animals simultaneous with 
the injection of P**. Thus, the discussion of 
choline action requires a sharp differentiation 
between the effects of a single dose of choline 
and that of daily choline supplements. A 
somewhat similar result was obtained by Cayer 
and Cornatzer in patients with liver disease 
who showed an above normal incorporation of 
P*? into plasma phosphatides the first time 
they received choline but failed to show any in- 
crease after a period of choline therapy. 

To further evaluate these findings similar 
studies were undertaken in the dog (Table IV). 
Although liver phospholipid concentrations in 
the deficient animals decreased significantly, 
the P** data are essentially similar to the data 
previously obtained in the rabbit. They show 
that incorporation of inorganic phosphate into 


liver phosphatides in the choline-deficient ani- 
mals is greater than that of the choline-supple- 
mented controls. While a single dose of choline 
in the dog resulted in enhanced liver phospha- 
tide P*? formation, the daily administration of 
choline decreased this process below that of the 
choline-deficient animals. At the present time 
we cannot reach a satisfactory explanation for 
the results which we have obtained. It ap- 
pears that the stimulation of liver phosphatide 
P*? synthesis by choline occurs only when the 
supply of dietary choline is the limiting factor 
in the series of reactions leading to phosphatide 
formation. In the animal which has been 
treated for some time with choline, and in 
which liver fat concentrations have decreased 
to normal levels, one might assume that factors 
such as the supply of triglycerides become 
limiting and keep the rate of phosphatide 
synthesis down at the level observed in animals 
fed low-fat commercial chow. 

An alternative explanation might be based 
on the observation that free choline normally is 
removed from the bloodstream very rapidly.” 
The two processes which presumably are most 
important in this removal are the oxidation of 
choline by the aid of choline oxidase and the in- 
corporation of choline into tissue lecithin. 


TABLE IV 
Liver Phospholipid Metabolism in Dogs 


High-fat—low-protein diet 21 days 


Daily oral 
choline 


Single oral dose 


treatment choline 


Number of animals 12 6 
Lipid P, mg/g 1.19 + 0.04 0. 
Specific activity* 10.2 +0.87 12. 


7+ 0.05 
2 +1.55 


8 6 
0.88 + 0.05 1.09 + 0.10 
19.4 +1.98 25.4+ 3.0 


Dogs were sacrificed 6 hours after administration of P**-phosphate. 


* Per cent of the injected P*? per g of phospholipid P. 
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Since in the choline-deficient animal choline 
oxidase activity in the liver is sharply re- 
duced” one might assume that in the deficient 
animal more choline would remain available for 
incorporation into phosphatides. 

It is understood, of course, that one must be 
careful in concluding that the increased in- 
corporation of P** into a liver phosphatide 
fraction necessarily represents increased syn- 
thesis or increased turnover of liver phospha- 
tide. While no differences in the specific ac- 
tivities of liver inorganic and organic acid- 
soluble phosphates were noted in the various 
experimental groups, it is quite possible that a 
single dose of choline administered to a choline- 
deficient animal might stimulate the formation 
of a specific phosphatide precursor or by some 
other means increase the specific activity of 
a phosphorylated intermediate such as cytidine 
diphosphate choline. To differentiate between 
the stimulation of phosphatide synthesis proper 
and the increased labeling of some phosphatide 
precursor one must measure the specific ac- 
tivity-time relations of the phosphatide frac- 
tion and its immediate precursor. Such an 
analysis may well clarify the differences between 
single and continued choline administrations 
and supply the missing links in our present 
knowledge about the effect of dietary choline on 
liver phosphatide synthesis. 

It is obvious, however, from the results which 
we have presented, that the relationship of 
phosphatides to the lipotropic activity of 
choline is still obscure. The available evidence 
indicates that there is no simple relation be- 
tween the rate of lipid phosphorylation in liver 
and the amount of lipotropic factors in the diet, 
or the extent of lipotropic activity from a single 
dose of choline or methionine (see also Horning 
and Eckstein'*’). The observed stimulation of 
liver phosphatide metabolism by a single dose 
of choline may turn out to be unrelated to 
lipotropic activity. Yet the fact that choline 
is an integral part of the liver lecithin molecule, 
and that under some conditions choline stimu- 
lates liver lecithin synthesis; presents enough 
circumstantial evidence to discourage the in- 
vestigator from rejecting a hypothetical causal 
relationship between lipotropism and phospha- 
tide metabolism. 
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SUMMARY 


The effect of choline and choline deficiency 
on liver phosphatide metabolism has been 
studied in various species. Evidence to date 
indicates that a single dose of choline adminis- 
tered to choline-deficient animals increases the 
oxidation of liver fat as well as the synthesis of 
liver phosphatide P**. On the other hand, the 
addition of choline to liver slices derived from 
choline-deficient animals promotes the incor- 
poration of P*? into the phosphatide molecules 
without stimulating fat oxidation. In addition, 
it was observed that in the rabbit and dog the 
rate of incorporation of P*? into liver phospha- 
tides is greater during periods of choline 
deficiency than during daily supplementation 
of the diet with 1 per cent choline. The impli- 
cations of these findings are discussed in ref- 
erence to the mechanism whereby choline pre- 
vents or cures fatty livers. 
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DISCUSSION 


Dr. W. Wells (University of Pittsburgh, Pittsburgh, 
Pennsylvania): Dr. Zilversmit in his excellent presenta- 
tion has pointed out again the confusing nature of the 
role of choline in the phospholipid turnover. The im- 
portance of the administration of choline was pointed 
out as well as the importance of the level of fat in the diet. 
I would like Dr. Zilversmit to comment (1) on the 
effect of age. That is, as I understand it, in the adult 
animal there is little effect of choline on the phospho- 
lipid turnover, whereas in a weanling animal the effects 
of dietary choline toward increasing the phospholipid 
concentration and turnover have been shown and (2) 
on an earlier finding of his that the turnover of plasma 
cephalin, lecithin, and sphingomyelin were significantly 
increased in concentration in animals that had been fed 
cholesterol. I believe these were rabbits. In other 
words, is there any connection between cholesterol 
absorption and the phospholipids? It has been shown 
that choline has very little effect on the absorption of 
cholesterol. The work of Mann and the Harvard group 
suggests that atherosclerosis cannot be induced in 
monkeys which have been fed a low-methionine diet or 
a low sulfur-containing diet unless choline is added to 
that diet. 


Dr. Kennedy: 1 should like to make one very brief 
comment, and that is strongly to reinforce the sugges- 
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tion that Dr. Zilversmit made that in a P*? experiment 
of this kind one should compare the specific activity 
of the lecithin with its immediate precursor rather than 
with the total acid-soluble phosphorus fraction, because 
the cytidine diphosphate choline content of liver is so 
low that it is a very minute fraction of the total acid- 
soluble phosphorus fraction. Perhaps the otherwise 
very puzzling results that Dr. Zilversmit reports could 
be explained on the basis of the higher specific activity 
of the CDP-choline in some experiments. 


Dr. W. Hartroft (Washington University, St. Louis, 
Missouri): I would like to ask if from the experiments 
with dogs and rabbits you have any data on the effect 
of a single injection of choline into control animals re- 
ceiving the basal diet supplemented with choline during 
the entire experimental period? Results might clarify 
what part (if any) of the effects observed from this pro- 
cedure in choline-deficient animals was the result of a 
pharmacologic or physiologic action of the injected 
choline. 


Dr. Artom: I was interested in the difference in the 
results obtained by Dr. Zilversmit, when choline was 
given in one dose, or when it was added to the diet of 
his rabbits. We have observed a similar difference in 
our study of the action of diethanolamine on the in- 
corporation of P*? into the lipids of rat liver. Given in 
one single dose, this analogue of ethanolamine stimu- 
lated the synthesis of cephalins and also of lecithins. 
On the other hand, as I mentioned in my paper, when 
diethanolamine was mixed with the diet, and therefore 
absorbed in small repeated doses over a period of several 
days, it acted as an inhibitor of the synthesis of lecithins. 


Dr. Herndon: Isn’t the effect of giving diethanol- 
amine pharmacologic rather than physiologic? 


Dr. Olson: During the last several years we have 
been engaged in a study of the lipoproteins of liver 
(Chemistry of Lipides as Related to Atherosclerosis, pp. 
108-111, Thomas, Springfield, Illinois, 1958). As 
has already been mentioned the lipids of liver and the 
lipoproteins of which they are a part are contained 
largely in the particulates (nuclei, mitochondria, micro- 


somes, and membranes). The cytoplasm is essentially 
free of these entities. These lipoproteins (and I speak 
of the group collectively since our studies thus far have 
been confined to whole homogenates made with a War- 
ing blendor) appear to be quite different from those in 
the serum. They are more unstable, of high density 
(flotate only at 1.21 with a —S value of 40 to 60), of 
apparently different frictional ratio than the high 
density alpha’s of serum, and contain nitrogen, total 
lipid, phospholipid, and cholesterol in the approximate 
ratio of 4:40:20:2. Of course, these are rough approxi- 
mations of the properties of this heterogeneous group 
of compounds and much more work must be done with 
the fractions from individual particulates before our 
knowledge of this interesting group of lipoproteins is 
complete. We must remember, however, that when 
we speak of lipid metabolism in the liver we are talking 
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about the biochemical activity of the lipids in the 
particulates under normal conditions. The accumula- 
tion of neutral fat in the cytoplasm in choline deficiency 
probably results from relative ‘“‘overproduction’’ of tri- 
glyceride by the mitochondria under conditions which 
prevent it from being moved into the serum at the 
proper rates. The subsequent effects of this triglyceride 
upon the integrity of the particulates may be related to 
a biophysical rather than a biochemical effect by which 
some of the lipids of the particulates are ‘‘solubilized’”’ 
in the sea of neutral fat. Dianzani and Viti (Biochem. 
J. 59: 141, 1955) have reported the transfer of cyto- 
chrome C, from mitochondria to cytoplasm in the fatty 
liver produced by carbon tetrachloride. Finally, al- 
though the role of the lipids in the lipoprotein micelle 
which is found in the organized mitochondrion has been 
thought to represent merely a “glue” to hold various 
hydrogen transport and other enzymes in proper apposi- 
tion, it is apparent from a recent paper by Marinetti 
et al. (J. Biol. Chem. 229: 1027, 1957) that the lipids of 
cytochrome b-cytochrome c,; complex may participate 
in electron transport. 


Dr. Zilversmit (closing remarks): We have no data 
ourselves on the effect of age on phospholipid turnover 
and the effect of choline thereon. There are numerous 
studies on the phospholipid level of choline-treated 
animals at different ages and I would be interested in 
hearing of studies on the turnover of phospholipid. 

As far as the relation of choline to cholesterol is con- 
cerned, I am afraid I have very little to offer except to 
say that we were interested in this question. This was 
one reason why we performed the rabbit experiment 
since, as you know, in the rabbit cholesterol feeding 
produces a pronounced fatty liver and lesions in the 
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aorta. We thought that since a single dose of choline 
has a stimulating effect on liver phospholipid formation, 
it might have an effect on other organs, such as the 
aorta as well. We were highly disappointed to learn 
that a single dose of choline in either a choline-deficient 
animal or in a cholesterol fed rabbit has no effect what- 
soever on the synthesis of phospholipids (Proc. Soc. 
Exper. Biol. & Med. 92: 454, 1956). 


There is some disagreement between our laboratory 
and Chaikoff’s laboratory (J. Biol. Chem. 128:735, 
1939) and the group of Clement in France (Compt. Rend. 
236: 412, 1953) on the effect of cholesterol on liver 
phospholipid synthesis. Both Clement and Chaikoff 
claim that in the rat liver phospholipid synthesis is 
greatly inhibited by cholesterol feeding. We have never 
exactly reproduced this experiment but we have fed 
some cholesterol to rats and found very little, if any, 
effect. On the other hand in the rabbit, cholesterol 
feeding causes a marked increase in phospholipid syn- 
thesis. 


With regard to Dr. Hartroft’s question, we have done 
the experiment he suggested, and the single dose of 
choline had no effect in animals which had been supple- 
mented; neither had it any effect in animals which were 
on a chow diet. I think it has been also shown by 
Cornatzer and others in patients who have been treated 
with choline or methionine for a while that a single dose 
of choline has no effect on phospholipid formation. 
This comment also would be pertinent to the drug ac- 
tion. Even though there might still be some non- 
specific type of effect, say upon oxygen consumption, 
which we have not measured, the fact remains that 
these nonspecific effects do not occur in these other 
preparations and this possibility is eliminated. 
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HE EXTENSIVE literature on nutritional 
factors that affect the deposition of liver 
fat has been reviewed, either directly or in- 
directly, in such detail during the past 15 
years'~ that one wonders how much another 
discussion of the subject can add to what has 
already been said. In an attempt to avoid pre- 
senting simply a review of reviews, emphasis 
has been placed primarily on the investigations 
on the lipotropic action of protein, in which we 
at the University of Wisconsin have partici- 
pated. These have resulted in an understand- 
ing of some of the previously conflicting re- 
sults on this subject. Emphasis has also been 
placed on the relationships now apparent 
among the main groups of lipotropic factors. 


USE OF THE RAT IN LIPOTROPIC STUDIES 


The occurrence of fatty livers in experimental 
animals was described as early as 1889 by 
Mering and Minkowski who were studying 
diabetes in the depancreatized dog. It was as 
a direct result of the further studies on dia- 
betes'® that the nutritional significance of fatty 
livers was recognized. When insulin became 
available, depancreatized dogs could be main- 
tained for long periods of time on insulin. 
Under such conditions they were found to de- 
velop severe fatty livers'’—!® which could be 
prevented by adding raw beef pancreas to the 
diet.” Subsequently, Hershey”’ and Hershey 
and Soskin*! undertook experiments based on 
the assumption that the depancreatized dog 
suffered from a defect in fat metabolism, and 
showed that the addition of lecithin to the diet 
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prevented the excessive accumulation of fat in 
the liver. Ina continuation of these studies at 
Toronto a test diet high in saturated fats was 
developed and the rat was used as the exper- 
imental animal. It was demonstrated that 
lecithin”? and later choline**:** one of the hy- 
drolytic products of lecithin, successfully pre- 
vented fatty infiltration of the liver in this spe- 
cies as well. This marked the beginning of 
studies on fatty livers in the rat; studies which 
have contributed greatly to our understanding 
of the complex relationships that exist among 
the various lipotropic factors. 

The fact that choline was not unique in its 
ability to prevent excessive fat accumulation in 
the livers of rats fed on hypolipotropic diets be- 
came apparent when Best and Huntsman” 
found that betaine exerted a lipotropic effect. 
They also observed that casein prevented the 
expected rise in the level of liver fat in rats that 
were transferred from hypolipotropic diets to 
diets consisting only of sucrose.» These ob- 
servations led to two distinct but related series 
of investigations; one, the study of the lipo- 
tropic effect of protein; the other, the study of 
the metabolism of methyl groups and the re- 
lationship between methyl metabolism and lip- 
otropic activity. 


THE ROLE OF PROTEIN 


Initially the Toronto group* suggested that 
the lipotropic effect of casein might be due to 
impurities or to betaines arising from the casein. 
However, in the meantime, Channon and Wil- 
kinson* had demonstrated that the lipotropic 
effect of protein was proportional to the level 
of protein in the diet. They suggested that 
certain of the amino acids in casein might give 
rise to choline or betaine in the tissues, a sug- 
gestion that was discussed by Best and Chan- 
non.” A number of proteins were subse- 
quently studied in both the Toronto* and the 
Liverpool laboratories*® and marked differ- 
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ences in their lipotropic effects were noted. 

During this time Channon and associates® 
observed that the level of fat in the livers of rats 
fed on diets containing 5 per cent of casein and 
0.1 to 0.2 per cent of choline was about double 
the value generally found when the diets con- 
tained high levels of casein. This suggested 
that casein exerted a lipotropic action beyond 
that of choline and led them to undertake a 
methodical study of the effects of individual 
amino acids. They observed that cystine ex- 
erted an “‘antilipotropic’’ effect which could be 
reversed by feeding additional casein; however, 
when they tested a number of other amino acids 
individually all were without lipotropic effect.*! 
These observations stimulated interest in the 
sulfur amino acids and the following year 
Tucker and Eckstein*®* confirmed the observa- 
tions of Beeston and Channon*! on cystine and 
found that methionine was effective in pre- 
venting fatty livers in rats consuming choline- 
deficient diets. The lipotropic effect of me- 
thionine was amply confirmed in several lab- 
oratories. ** 

Both Tucker and Eckstein® and Channon 
and associates*® in subsequent studies empha- 
sized the importance of the cystine: methionine 
balance in accounting for the lipotropic action 
of protein in rats fed on diets deficient in cho- 
line. Certain discrepancies in their results, 
however, led them to suggest that other amino 
acids might be of some significance. In 1940 
Best and Ridout** compared the effectiveness 
of a 30 per cent casein diet with that of the cys- 
tine and methionine it contained and concluded 
that, since the casein was more effective, other 
amino acids or some impurity carried by the 
casein probably exerted a lipotropic action. 
Channon, and associates*’»*8 extended this work 
and came to similar conclusions but were un- 
able to demonstrate any lipotropic action of 
14 individual amino acids. The Ann Arbor 
group, on the other hand, were able to account 
for the lipotropic activity of casein in their 
later experiments entirely on the basis of the 
dietary content of cystine and methionine,**:“ 
and these observations were confirmed.*!:*” 

Their results indicated, however, that me- 
thionine was less effective asa lipotropic agent in 
young growing rats than in adult rats, and was 
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also less effective in rats fed on high-protein 
diets than in those fed on low-protein diets. 
This suggested that the effectiveness of methio- 
nine in preventing the accumulation of liver fat 
decreased when the demand for amino acids for 
protein synthesis increased. In an attempt to 
resolve some of the discrepancies regarding the 
comparative value of the sulfur amino acids 
and protein as lipotropic agents Beveridge, 
Lucas and O’Grady**:** undertook experiments 
in which the levels of all of the essential amino 
acids were carefully controlled. Their results 
showed clearly that free methionine and casein 
containing equivalent methionine were equally 
effective in preventing an accumulation of liver 
fat when the amounts of essential amino acids 
in the diets were equalized. With an inade- 
quate diet, however, methionine proved more 
effective than casein containing equivalent 
methionine, presumably because little methio- 
nine was required for growth in the absence of 
additional casein. With a more adequate 
diet, on the other hand, casein proved more 
effective than equivalent free. methionine, 
which suggested again that protein exerted a 
lipotropic effect beyond that of the methionine 
it contained. 

The “antilipotropic” effect of cystine had, 
during this time, been investigated by Griffith 
and Mulford.*:“* They had shown that liver 
fat values were affected by food intake and sug- 
gested that the ‘‘antilipotropic’”’ effect of cystine 
could be explained as a result of the growth 
stimulation produced when cystine was added 
to sulfur-amino acid-deficient diets. They con- 
cluded that when the nutritive value of a diet 
was improved the increased demand for me- 
thionine for growth reduced the quantity avail- 
able for lipotropic activity and that this in turn 
caused an increase in the deposition of liver fat. 
This explanation eliminated the need to pos- 
tulate a toxic effect of cystine and accounted for 
the previously difficult-to-reconcile observa- 
tions, that the ‘‘antilipotropic’’ effect of cystine 
was not proportional to the amount fed and was 
not evident when adequate protein was pro- 
vided in the diet. 


SPECIFIC AMINO ACID EFFECTS 


About this time, during studies on niacin- 
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tryptophan relationships, it was noted at Wis- 
consin” and at Georgia“ that the livers of rats 
fed on low-protein diets containing choline ap- 
peared fatty. These observations and later 
observations at Wisconsin‘ again suggested 
that amino acids other than methionine might 
influence the deposition of liver fat and that the 
effect could not be attributed to a choline-spar- 
ing action. In subsequent studies Singal and 
associates’! demonstrated that partial de- 
ficiencies of either threonine or lysine led to 
some accumulation of liver fats in rats receiving 
what were considered to be adequate quanti- 
ties of choline. Similar observations regarding 


TABLE I 
Effect of Additional Protein and Amino Acids on the 
Deposition of Liver Fat in Rats Fed on Low-Protein 
Diets Containing 0.15% of Choline Chloride 


Rate Liver 
Protein Supplement, of fat 
source, and % gain, | % dry 
and % g/wk wt 
9 Casein* _ 14 47 
9 Casein —_ 14 31 
9 Casein 0.36 pL-threonine 21 14 
9 Casein 2 Casein 26 14 
8 Egg albumin _ 8 29 
8 Egg albumin 0.25 L-histidine.- 
HCl 
0.36 pL-threonine 
0.5 .-lysine.HCl 16 18 
89 Rice (5.9 _— 9 29 
protein) 
0.4 pL-threonine 
0.5 L-lysine HCl 20 13 


* Choline omitted. 


threonine were reported from our labora- 
tories»? It has been shown since that fat 
accumulates to the extent of about 10 per cent 
on a fresh weight basis in the livers of young 
and mature rats fed on a variety of low-protein 
diets containing adequate amounts of cho- 
line.5*-® Some of these effects are summarized 
in Table I. 

At first these observations were considered to 
be only remotely related to the earlier studies 
on the lipotropic effect of protein. It became 
evident, however, when Eckstein® was again 
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unable to demonstrate any lipotropic effect of 
individual amino acids other than methionine, 
that choline-deficient diets had been used al- 
most exclusively in the many studies on this 
subject. It was also evident that, in the ex- 
periments in which the lipotropic effect of pro- 
tein was completely accounted for by its con- 
tent of methionine, the protein content of the 
diets was probably too low to provide sufficient 
methionine to produce a maximal lipotropic 
response.” Also, liver fat values approaching 
10 per cent on a fresh weight basis had been con- 
sidered normal and a reduction from 10 to 5 
per cent was not considered significant despite 
the suggestion of Channon e a/.* Further, 
differences of this order were obtained in studies 
in which protein was found to exert a lipotropic 
effect beyond that of the methionine it con- 


- tained®-34.44 and similar reductions were ob- 


served when threonine was added to a threo- 
nine-deficient diet®? as can be seen in Table I. 
These observations suggested that there were 
two distinct lipotropic effects of protein; one, 
the choline-sparing effect of methionine*® and, 
two, the effects of other essential amino acids, 
such as threonine, in preventing the less ex- 
tensive accumulation of liver fat which occurred 
when protein was provided in inadequate 
amounts.®!—® 

That these conclusions were correct was 
demonstrated experimentally by comparing the 
lipotropic activity of methionine, choline, pro- 
tein and threonine under conditions in which 
each one became limiting in turn®—” as shown 
in Table IT. 

As a result of histologic studies there was 
further evidence that deficiencies of amino 
acids other than methionine cause a defect in 
liver metabolism which is different from that 
produced by choline deficiency. In contrast 
to the centrolobular distribution of fat observed 
in the livers of choline-deficient rats, ‘‘only 
occasionally (was) the fatty infiltration most 
severe around the central vein of the lobule” 
when protein or amino acid deficiencies were 
responsible for fatty infiltration.”! This peri- 
portal distribution of liver fat is observed when 
low-protein diets containing natural products 
or purified proteins are fed and although the 
total quantity of fat in the liver is less than that 
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observed in choline deficiency many cells con- 
tain very large amounts of fat.*°-** The sim- 
jlarity of this lesion to that observed in 
kwashiorkor in humans has been sug- 

There is still some question regarding the 
specificity of the effects of essential amino acid 
deficiencies in inducing fatty livers. Without 
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acid are fed.* This suggests that the total 
nitrogen level of the diet as well as the balance 
of amino acids may influence the effects of 
amino acid deficiencies and, indeed, it has been 
noted that certain non-essential amino acids 
in rather high levels may cause some reduction 
in the level of fat in the livers of rats consuming 
protein-deficient diets that contain choline.®:7* 


TABLE II 


Lipotropic Activity of Protein, Methionine, Threonine and Choline 
in Rats Fed on Low-Protein Diets 


DL- Choline 
methionine chloride 


Supplement 


Liver fat 


Deficiency % dry wt 


0.3 


OWI S & 


.36 DL-threonine 
.36 DL-threonine 


ae Protein and 
choline 
Protein 
gelatin Choline 
gelatin 
Protein 


Choline 


doubt conditions can be adjusted to produce 
fatty livers which respond specifically to threo- 
nine, lysine and tryptophan®!*?6? and it is 
quite probable, in view of the failure in certain 
cases to obtain satisfactory responses to indi- 
vidual amino acid supplements, that other 
amino acid deficiencies may give similar 
effects.5*57.6 Not all low-protein diets, how- 
ever, cause fatty livers to develop. The de- 
velopment in at least one case appears to de- 
pend upon the amino acid balance of the diet’? 
as shown in Table III. Also, normal liver fat 


TABLE III 


Effect of Amino Acid Balance on the Deposition of 
Liver Fat in Rats Fed on a Low-Protein Diet 


DL- DL- Rate of 
methionine | threonine gain 
% g/wk 
_ 10 14 
0.36 9 12 
—_ 12 31 
0.36 19 16 


f: 
% dry wt 


values may be obtained in some cases when 
high-protein diets deficient in a single amino 


TRANSMETHYLATION, METHIONINE AND BETAINE 


Now to return to the chain of events which 
ensued from the observations that the methyl- 
containing compounds betaine** and methio- 
nine*? exerted marked lipotropic effects in rats 
fed on choline-deficient diets. At about the 
same time as the lipotropic activity of methio- 
nine was demonstrated the fact that it was an 
indispensable amino acid was also discovered.” 
These observations led to intensive investi- 
gations of the metabolism of the sulfur-con- 
taining amino acids during which it was found 
that homocystine could replace methionine in 
the diet of young rats as long as choline was 
provided.” This suggested that the methyl 
group of choline might be transferred to homo- 
cystine. It then became evident that the re- 
verse process, the transfer of the methyl group 
of methionine to a choline-precursor might also 
occur.”6.77 That this was the case was estab- 
lished when it was found that the methyl group 
of the choline isolated from the tissues of rats 


* H. E. Sauberlich, personal communication; A. E. 
Harper, unpublished results. 


Casein 
9 = 40 
0.8 0.15 27 
0 6 32 
0 0.15 6 16 = 
1 | 28 
0 _ 14 
0 0 45 
1 0 17 q 
Casein 
% 
9 
9 
9 
9 | ‘ 
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fed on choline-deficient diets containing methi- 
onine labeled with deuterium in the methyl 
group, contained close to the theoretic amount 
of deuterium that would have been expected 
had all the methyl groups come from methio- 
nine.’ Thus, the lipotropic activity of methi- 
onine could be attributed to its ability to con- 
tribute methyl groups for choline synthesis. 
Betaine was also shown to provide methyl 
groups for the synthesis of methionine®:”® and 
since the methyl group of methionine entered the 
choline molecule it was evident that that of 
- betaine could do likewise. 

The metabolism of methyl groups was now 
actively investigated in a number of labora- 
tories and the developments have been compre- 
hensively reviewed.”:!?-° Without going into 
detail, it became evident that there were two 
types of methylation reactions;*' one, in which 
methionine in an active form served as the 
methyl donor and guanidinoacetic acid or nico- 
tinamide serve as acceptors; the other, in 
which betaine and certain thetins served as 
methyl donors and homocystine or homo- 
cysteine as acceptors. Since both methionine 
and betaine serve as precursors of choline in 
vivo, it has been assumed that the methyl 
groups of these compounds can be transferred 
to acceptors such as ethanolamine, mono- 
methylethanolamine or dimethylethanolamine 
in the animal body. There are species differ- 
ences with regard to the efficiency of different 
acceptors but in the rat, ethanolamine, which 
can be synthesized by the tissues from glycine 
and serine serves this purpose. Many of the 
relationships among these compounds have not 
been worked out in detail but the evidence sug- 
gests that betaine itself is not reduced in the 
animal body to give choline directly.”'*? It has 
been more generally accepted that a methyl 
group of betaine is transferred to homocysteine, 
which can arise in the body from methionine. 
This transfer would then regenerate methionine 
which, upon conversion to the active form,** 
could in turn transfer the methyl group received 
from betaine to other methyl acceptors.!? 
Stekol** has outlined a pathway by which di- 
methylethanolamine may be formed inde- 
pendently of the direct transmethylation re- 
actions, however, transmethylation from me- 
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thionine would still presumably provide the 
third methyl group for choline synthesis. 

The lipotropic activities of methionine and 
betaine are therefore accounted for by their 
roles in providing methyl groups for the syn- 
thesis of choline which is, in the final analysis, 
the compound that is required for the control of 
liver fat deposition. Although it has been 
emphasized before,®* it is probably not out of 
place to re-emphasize the fact that arseno- 
choline® and the triethylhomologue of cho- 
line, which are not methyl donors, can protect 
animals on choline-deficient diets against fatty 
livers. Thus it is evident that fatty livers do not re- 
sult directly from a methyl deficiency, as is some- 
times said, but from a choline deficiency. (There 
is also evidence that triethylcholine may act as 
a choline antagonist*’:** so its role is not com- 
pletely clear.) 


BIOSYNTHESIS OF METHYL GROUPS. 
VITAMIN Bz 


During the course of the studies that led to 
our present understanding of the phenomenon 
of transmethylation certain anomalous results 
were obtained which opened up another facet of 
the metabolism of methyl groups and led to the 
discovery that the most recently characterized 
members of the vitamin B complex also played 
a role in decreasing the severity of certain types 
of fatty 

The ease with which choline and methionine 
deficiencies could be produced in the rat cast 
doubt for a long time upon the possibility that 
this animal could synthesize methyl groups. 
However, during the period in which trans- 
methylation was being actively studied, it was 
observed by du Vigneaud and associates” that 
the occasional animal grew slowly on a diet con- 
taining homocystine but no source of methyl 
groups. Then Bennett, Medes and Toennies*’:”’ 
found that such an effect could be produced 
with some regularity. They suggested that un- 
known dietary factors might facilitate the syn- 
thesis of methyl groups from unknown pre- 
cursors. It was subsequently demonstrated 
that such a synthesis did occur®!~%* and that 
vitamin B,2. was a component of the system re- 
quired for it in both the rat®*® and the 
chick.*-” The route of synthesis has been 
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studied extensively and many of the details 
have been elucidated.” 

The significance of vitamin B,. and the syn- 
thesis of methyl groups in the control of liver 
fat deposition have been the subject of a number 
of investigations, !?:.%8.99-101 of which only a 
few can be mentioned. Stekol** has outlined 
much of the evidence and has discussed the 
possibility that folic acid may also be involved 
in certain of the pathways. Bennet and asso- 
ciates®® demonstrated that a mixture of vitamin 
By and homocystine was as effective as equiva- 
lent methionine in preventing fatty livers in 
long term (100 days) experiments with young 
female rats. In short term experiments (17 
days), in contrast, the Toronto group™ found 
no protective effect when their diet contained 
little methionine and choline and they”! were 
unable to demonstrate a lipotropic effect of 
vitamin Bj, in rats fed on diets containing low 
levels of betaine. Some protection against 
fatty infiltration was observed in short term ex- 
periments, however, when the methionine and 
choline levels in the diets were higher.*:*-! 

There are some anomalies among the results 
obtained in studies on the lipotropic effects of 
vitamin B,» and betaine that are difficult to ex- 
plain with our present knowledge. It has been 
generally assumed, as has been mentioned, that 
methionine is the principal methyl donor in the 
body'?:® and that other methyl groups, such as 
those of betaine must pass through methionine. 
It has also been suggested that methyl groups 
synthesized in the body are incorporated into 
methionine before being passed to other com- 
pounds.”? The marked lipotropic effect of 
vitamin By observed by Bennett and associ- 
ates,** in contrast to the much less significant or 
even lack of effect observed by others. *:*8.1, 101 
may thus be explained by the fact that only 
Bennett e¢ al.** added homocystine, an essential 
methionine precursor, to the methionine-defi- 
cient diet used. 

Less easy to explain, however, are the obser- 
vations that betaine will give rise to choline in 
the absence of methionine and homocystine! 
and is nearly as effective on a molar basis as 
choline in preventing fatty livers.%!:% It is of 
course conceivable that the regeneration of 
methionine by a cyclic mechanism! could ac- 
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count for this result, but since methionine was 
already limiting in the diets used in most of 
these experiments and since betaine has been 
found to be more effective than methionine in 
preventing fatty livers caused by choline de- 
ficiency*:! the possibility of some other route 
from betaine to choline must be considered. 
The evidence presented by Stekol,®4 which sug- 
gests that betaine may be a precursor of the 
first two methyl groups of choline by a pathway 
not involving methionine, could account for 
these observations. 


Again it is well to emphasize that such lipo- 
tropic effects as may be exerted by vitamin 
By are brought about through its role in the 
synthesis of methyl groups by the tissues and 
depend upon the incorporation of these methyl 
groups into precursors to give rise to choline. 


OTHER DIETARY FACTORS 


Two other dietary components which affect 
liver fat deposition deserve some mention. 
One of these, inositol, was shown to be a lipo- 
tropic factor. Its role was thoroughly in- 
vestigated and its effect was found to be limited 
to fatty livers produced in animals fed on fat- 
free diets...” The other is the nature of the 
dietary fat, the effect of which was originally 
noted by Channon and associates! and has 
since been observed by others. An ac- 
cumulation of fat in the livers of rats fed on 
diets deficient in essential fatty acids has also 
been observed.'!!_ There appear to be two dis- 
tinct effects of fat: (1) that of the essential 
fatty acids, deficiencies of which cause increased 
liver fat deposition in the presence of choline 
and, (2) effects of different types of fatty acids 
on the severity of the fatty infiltration induced 
by deficiencies of lipotropic factors; the sat- 
urated fatty acids tending to increase the 
severity of the infiltration and the requirement 
for choline and the unsaturated fatty acids 
tending to alleviate it and lower the choline 
requirement.!” 


ON THE MECHANISM OF ACTION 
OF LIPOTROPIC FACTORS 


Certain of the possible mechanisms of action 
of the lipotropic factors are discussed iri other 
papers in this symposium. Nevertheless, it 
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seems logical to conclude with some mention 
of this aspect of the subject. It is evident that 
the factors involved in the metabolism of 
methyl groups exert their lipotropic effects ul- 
timately through their contributions to choline 
synthesis. The recognition of choline as an 
essential component of phospholipids early 
suggested that the regulation of liver fat depo- 
sition was intimately connected with phospho- 
lipid metabolism.*:!*:% Also, inositol and es- 
sential fatty acids, two of the other nutritional 
factors which influence liver fat deposition are 
known to be components of phospholipids. 
Among the lipotropic factors then, only amino 
acids other than methionine cannot be linked 
directly to the phospholipids. Therefore an 
understanding of the mechanisms by which nu- 
tritional factors affect liver fat deposition would 
appear to depend upon a knowledge of the func- 
tion of phospholipids and of the sequence of 
occurrence of the metabolic defects caused by 
choline and amino acid deficiencies. 

The possibility that fatty livers resulting 
from choline deficiency are caused by a failure 
in fat-transport mechanisms has received con- 
siderable attention. The evidence of a number 
of werkers that choline stimulates phospholipid 
turnover and the transfer of fat from the liver 
to the fat depots has recently been discussed by 
several workers.+!!2:113 Experiments on hepa- 
tectomized dogs by Chaikoff and associates!" 
suggest that the liver is the main source of 
phospholipids in the plasma and a progressive 
fall in total blood lipids and phospholipids is 
observed when choline is omitted from the 
diet. The evidence using labeled fatty acids, 
that most of the absorbed lipid is in forms other 
than phopholipid,'” makes it unlikely that fat 
is transported in the form of phopholipids. 
However, phospholipids are an integral part of 
the lipoprotein complex with which most of the 
plasma lipids are associated,:'!? therefore, it is 
still possible that one of the functions of choline 
in protecting against fatty livers is to facilitate 
the transport of fat from the liver. Zilver- 
smit!!* has discussed in detail much of the per- 
tinent literature on this subject. 

Artom* discusses in detail the effect of cho- 
line, presumably as part of a choline-containing 
complex in the mitochondria, in stimulating 
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fatty acid oxidation. His evidence suggests 
that facilitation of fat oxidation is another 
mechanism through which choline may in- 
fluence the level of liver fat. 


Evidence has also been obtained of other 
metabolic defects in fatty livers induced by a 
deficiency of choline. Dianzani!!’:''* has shown 
that these livers are characterized by a low 
pyridine-nucleotide content and a decreased 
concentration of adenosine triphosphate. He 
also reported that there was an increase in the 
proportion of reduced to oxidized pyridine nu- 
cleotides in the fatty livers, a condition that 
would favor fat synthesis. Study of the se- 
quence of occurrence of these changes in rela- 
tion to the development of fatty livers indicates 
that reductions in these important cofactors of 
the fatty acid cycle precede the development of 
fatty livers. The possibility that these changes 
may result in increased fat synthesis or de- 
creased fat oxidation in the liver is a promising 
field for further investigation. 


There is evidence, then, to suggest that in the 
choline-deficient rat the rate of transport of fat 
from the liver and the rate of oxidation of fat in 
the liver may both be depressed and the rate of 
fat synthesis may be stimulated. It is thus 
possible that the main question to be resolved 
is the relative significance of each of these de- 
fects. 


The chain of events which leads to fatty in- 
filtration of the liver in rats fed on diets de- 
ficient in protein or amino acids has not been 
studied extensively. It has been established 
experimentally that the activities of a variety 
of enzymes are affected to different degrees by 
amino acid and protein deficiencies!!® and it is 
obvious that the synthesis of proteins generally, 
including enzymes and hormones, is controlled 
by the supply of amino acids available. There- 
fore any metabolic function including phospho- 
lipid synthesis, fatty acid oxidation, or co- 
enzyme synthesis could be affected. It has been 
demonstrated that the threonine-deficient diets 
which induce fatty livers also result in de- 
creased phospholipid turnover,!” reduced en- 
dogenous oxidation!*! and decreased levels of 
pyridine nucleotides.!2? Artom! has men- 
tioned some evidence which indicates that the 
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rate of oxidation of fatty acids in the livers of 
rats fed on low-protein diets is depressed. 
Some evidence was obtained that the reduced 
endogenous oxidation and lower pyridine nu- 
cleotide levels could be detected before fatty 
infiltration was appreciable. This is compati- 
ble with the idea that fatty acid synthesis in the 
liver is favored by certain amino acid defi- 
ciencies. However, much more information is 
required before the true significance of these ob- 
servations can be appraised. It is tempting to 
suggest”!*° that amino acid deficiencies may 
interfere with phospholipid synthesis, a defect 
which would provide a link between the effects 
of choline and amino acid deficiencies. The 
histologic differentiation of the fatty livers in- 
duced by the two different types of deficiencies, 
however, suggests that the mechanisms may be 
different. 


SUMMARY 


Dietary deficiencies of choline, essential 
amino acids, essential fatty acids and inositol 
can under certain conditions give rise to an 
accumulation of liver fat. A dietary deficiency 


of choline can be very largely, if not completely, 
alleviated by providing in the diet sources of 
labile methyl groups, such as betaine or me- 
thionine, which permit choline synthesis in the 


body. Also, choline deficiency is made less 
severe if folic acid and vitamin By, which are 
involved in the synthesis of ethanolamine and 
methyl groups, are included in the diet. The 
fatty liver induced by the feeding of low-protein 
diets which contain choline appears in some 
cases to be the result of a specific amino acid 
deficiency which may be induced by an amino 
acid imbalance. It appears to be influenced as 
well, however, by the over-all level of dietary 
protein and by the levels of certain dispensible 
amino acids, relationships which require further 
study. Although many of the nutritional in- 
terrelationships that influence the production 
of fatty livers have been worked out, and al- 
though a number of changes in the rates of 
metabolic reactions and in the levels of meta- 
bolically important compounds Have been ob- 
served in the livers of rats fed on diets deficient 
in choline or essential amino acids, an inte- 
grated picture of the mechanisms responsible 
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for the production of fatty livers has not, as 
yet, been obtained. 
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DISCUSSION 


Dr. A. E. Axelrod (University of Pittsburgh, Pitts- 
burgh, Pennsylvania): Dr. Harper has summarized 
a very complicated field, and there is not much left for 
me to do. I would like, however, to mention two old 
observations which have not been clarified. The first 
is that the feeding of biotin produces a fatty liver. 
Is it an effect purely of growth that you get with biotin 
or is there something further that we need to think 
about with this factor? The other is the ‘‘hormone” 
lipocaic. Is the effect of this factor purely one of 
choline? Are there any proteolytic enzymes involved? 
Is this the entire story? Is there anything further we 
need to say in this field? 

I would like to make a few comments relative to the 
mechanism of action of these various factors. Obvi- 
ously, we know very few concrete facts. I am very 
gratified that the biochemists are beginning to approach 
this problem now by looking for the actual enzyme sys- 
tems which may be involved. They were mentioned 
many times today. I would like to throw out the 
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concept that perhaps we should look a little closer at 
the structure of the particles of the cell which may be 
involved, particularly to the mitochondria as has been 
already suggested today. Is it possible that the struc- 
ture of the mitochondria is markedly changed in the 
absence of some of these factors and, as a result of these 
changes, we see the enzymatic changes that produce 
these fatty livers? 

Finally, we have not said anything about the role of 
these factors and their interrelationship with various 
hormones. I know of only one case—perhaps members 
of the audience may know others—where hormones 
may be activated or inactivated in these particular 
nutritional states. I would like to see this matter dis- 

cussed further by the group. 


Dr. Hartroft: I would like to thank Dr. Harper for a 
very clear and lucid exposition of many interrelations 
in this area which have confused the morphologist. I 
would like also to underline and emphasize, if I may, 
his statement that various types of fatty liver affect 
quite different portions of the hepatic lobule. Dr. 
Harper mentioned that the chief site of deposition of 
fat in choline-deficient rats is centrolobular, and that in 
states of tryptophan, lysine, and threonine deficiencies 
the abnormal fat is periportal in position; facts which 
he himself has reported and we have certainly confirmed. 
These localizations are very definite in the rat. Any 
pathologist can take a series of these sections, com- 
pletely jumbled, and with perfect confidence pick out 
the livers of choline-deficient animals from those of 
threonine-deficient animals, or from rats fed a 3 per 
cent casein, choline-supplemented diet. 

Consequently, to emphasize that choline-deficiency 
may produce an abnormal increase in liver fat up to 15 
or 20 per cent of its wet weight, and that threonine, 
lysine, and tryptophan-deficiency does this only up to 
10 per cent of wet weight is misleading, in my opinion. 
If the cells involved in each condition are considered, 
those in the centrolobular portions of the choline- 
deficient fatty liver are loaded with fat, it is true, but 
no more so than cells in the periportal regions in the 
amino acid-deficient type of fatty liver. The cells so af- 
fected may be less numerous in the livers of the threo- 
nine, tryptophan, and lysine-deficient types, but in- 
dividually they are just as severely affected. 

‘There are other features which enable us to separate 
these types of fatty livers on a cytologic level. In the 
choline-deficient fatty liver, the individual cell contains 
droplets of fat in its cytoplasm which later fuse into 
large globules that displace the hepatic nucleus to one 
side of the cell in a signet ring fashion. In the type of 
fatty liver studied so well at the Wisconsin laboratories, 
this same cytologic change may occur, but more fre- 
quently the fat accumulates inside little intracytoplas- 
mic compartments which persist and do not fuse to- 
gether, so the nucleus does not become displaced. 
Examination of a single cell, in favorable instances, may 
therefore suggest to the observer which type of fatty 
liver one is dealing with, even without knowing the 
history of the experiment. 
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Further advances in this field on the enzymologic 
and cytologic level will perhaps not come from studies 
of liver homogenates, but from the laboratories of the 
microchemist and the microenzymologist who study 
only small groups of cells, or even single cells. 


Dr. Stekol: To pick up Dr. Axelrod’s point on lipo- 
caic, this was resurrected by Leites in a paper published 
in Russian, unfortunately, which has been translated 
and distributed. They found that the lipotropic effect 
of choline and methionine is abolished in animals in 
which the portion of the pancreas which produces lipo- 
caic is removed from circulation. Only upon adminis- 
tration of lipocaic together with choline and methionine 
do they find a lipotropic effect. The conclusion was 
that lipocaic, whatever it happens to be and, by the 
way, they purified it and it is different from the Drag- 
stedt preparation, has some sort of activating effect on 
choline, almost an enzymatic effect, in producing the 
lipotropic effect. 

Incidentally, in Russia this lipocaic is manufactured 
on a large scale and it is distributed to hospitals for 
treatment of several liver diseases in humans. I have 
the translation if you want it. It is a long one. 


Dr. Wilgram: In addition to Dr. Harper’s comment 
concerning the distribution of fat in different parts of 
the liver lobule in rats, I would like to state that we 
have recently studied monkeys in choline deficiency and, 
to our great surprise (I believe, Dr. Hartroft, I sent 
you some sections) the fat in choline-deficient monkeys 
accumulates not centrally as in rats but in the peri- 
portal area. So not only have you got in the same 
species different sites of fat accumulation in different 
deficiency states, but for some reason unknown to me 
different species handle the same deficiency in a dif- 
ferent way. 


Dr. Hartroft: That is why I was careful to say “rat.” 
I had seen these sections, and I was hoping Dr. Wil- 
gram would mention them, but I did not feel free to. 
In the sections he sent me the fat was very definitely 
periportal. 


Dr. Cornatzer: We have investigated the lecithin and 
cephalin content of liver mitochondria and nuclei in 
choline deficient rats maintained on a 5 per cent casein 
diet supplemented with 1 per cent guanidoacetic acid 
for 2.5 weeks. A decrease occurred in the lecithin phos- 
phorus of the mitochondria when a choline deficiency 
was produced. The administration of a single dose of 
choline (40, 75 or 150 mg) six hours before sacrificing 
the animals maintained on a 5 per cent casein diet 
supplemented with 1 per cent guanidoacetic for 2.5 
weeks produced a significant increase in lecithin con- 
tent of the mitochondria. The effect of a single dose of 
choline (150 mg) was demonstrated in the liver mito- 
chondria within 3, 6 or 10 hours following administra- 
tion (Am. J. Med. 21: 136, 1956). 


Dr. Harper: Fortunately, members of the audience 
have already answered some of the questions. Re- 
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garding the point made by Dr. Axelrod about “biotin” 
fatty livers, this type of phenomenon has also been ob- 
served with deficiencies of some other B-vitamins. 
As far as I know, it is brought about by this procedure: 
The animals are reared on a diet deficient in one of the 
B-vitamins. Then they are given a diet containing an 
adequate level of the vitamin previously omitted from 
the diet. The observation is that within a short time 
after the animals have consumed this diet, fat accumu- 
lates in the liver. As far as I know, if the animals are 
left on this diet for a period of time, a matter of a week 
or ten days, the liver fat levels return to normal. I 
have heard it interpreted by some of the people who 
worked on this problem at Wisconsin that this is a 
case in which the animal has taken in a tremendous 
quantity of calories after being on a relatively low 
caloric intake; then the liver becomes overloaded with 
carbohydrate or fat which leads to the accumulation of 
fat in the liver. This is perfectly normally removed as 
long as the animal is continued on a diet containing the 
vitamin. 

With regard to lipocaic, Dr. Stekol’s comments are 
adequate for that. I know of very little other recent 
work. I think everyone is familiar with the suggestion 
that lipocaic provides methionine or pancreaticenzymes. 

With regard to the cellular structure, there are many 
people here more competent than I am to discuss the 
relationship of phospholipids to cellular structure or the 
relation of cellular structure to function, but I think 
there is no doubt that this must be kept in mind in all 


of these studies to determine the mechanism of fatty 
livers. 

I was glad to hear Dr. Hartroft’s comment. Of 
course, he has done a great deal of the histologic work 
on both choline and protein deficiencies. I must admit 
that I am not much of a histologist, but when the histo- 
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logic work was being done in our laboratory, in some 
instances with animals on low protein diets I found it 
very hard to believe that the slide under the microscope 
corresponded to the animal on which the fat determina- 
tion had been made, because, as he says, even with rela- 
tively low levels of fat, as determined chemically, quite 
wide areas of the cells can be completely loaded with fat. 
In the laboratory we describe it as a network appear- 
ance with areas containing normal cells interspersed 
among areas in which the cells are loaded with fat. 
This is a very important point to keep in mind in many 
of our biochemical studies. Certainly with many of the 
low-protein diets I suspect there may be as much as 50 
per cent of the liver normal in appearance while 50 per 
cent may be loaded with fat. We are certainly not get- 
ting a complete picture by working with homogenates. 

I was quite interested to hear Dr. Wilgram’s com- 
ment. I have nothing more to say on that except that 
I would like to ask what the protein level was in the 
choline-deficient diet the monkeys were fed. We have 
observed in some animals which we had on a choline- 
deficient, low protein diet that we got varying degrees 
of fatty infiltration. 


Dr. Wilgram: The protein content of this diet was 
about 17 per cent, and this was sufficient judging by the 
monkeys’ growth. Despite being deficient, they grew. 
One female monkey even became pregnant in the 
laboratory. 


Dr. Harper: Certainly 17 per cent of protein should 
be adequate. With regard to the last point, about the 
decrease in lecithin in choline-deficient animals and the 
rapid synthesis of lecithin after the injection of choline. 
I believe there must be some relationship between this 
and the mechanism by which fatty livers are induced. 
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Role of Choline and Methionine Antagonists 
in Metabolism 


IBERT C. WELLS, PH.D.* 


W: HAVE described previously! the study 
in vitro of a series of analogues and homo- 
logues of choline as substrates for the enzyme 
choline dehydrogenase. These compounds are 
shown in Table I. Of these compounds, only 
the quaternary bases, with the exception of tri- 
ethylcholine and triethylhomocholine, were 
oxidized appreciably by the enzyme. How- 
ever, the enzyme exhibited some affinity for all 
the remaining compounds in that they could 
depress competitively the oxidation rate of 
choline. 

Two of the most potent of these inhibitors, 
2-amino-2-methylpropanol-1 and a,a-dimethyl- 
triethylcholine were selected for further study. 
It was found! that in vitro these compounds in- 
hibited the synthesis of methionine from choline 
but not from betaine. This inhibition was at- 
tributed to the ability of these compounds to 
depress the rate of choline oxidation by choline 
dehydrogenase.*—* Jn vivo, however, these 
compounds were not capable® of significantly 
reducing the rate of choline oxidation. This 
conclusion was drawn from their inability to 
inhibit the growth of young, male rats existing 
on a methionine-deficient diet supplemented 
with equivalent amounts of choline and pDL- 
homocystine. Another antimetabolic role of 
these inhibitors was apparent from the obser- 
vation that when they were added to diets con- 
taining adequate amounts of methionine but 
no choline, hemorrhagic kidney degeneration 
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and death of the animals resulted. The diets 
without the inhibitors produced only a low inci- 
dence of hemorrhagic kidney degeneration, but 
all the animals had fatty livers. The effect of 
these compounds was prevented by supple- 
ments of choline.® 

The basic diet employed for the remainder of 
these studies is similar to that used by Griffith® 
and is given in Table II. A plot of various 
dietary concentrations of the inhibitors against 
the dietary concentration of choline necessary 
to prevent hemorrhagic kidney degeneration 
is shown in Figure 1. A concentration of 100 
mg/100 g of choline chloride was sufficient to 
offset the effect of 0.33 per cent 2-amino-2- 
methylpropanol. Concentrations of 0.67 and 


TABLE I 


Analogues and Homologues of Choline as Substrates 
for the Enzyme Choline Dehydrogenase 


Some derivatives 


Parent amine studied 


Choline, dimethylethyl- 
choline, diethylmethyl- 
choline, triethylcholine 


N—CH.—CH:;0H 
Ethanolamine 


Homocholine, triethyl- 


N—CH;—CH.— CH:OH homocholine 


3-Aminopropanol-1 
CH; 


| 
DN—G—CHOH a,a-Dimethyicholine 


a,a-Dimethyltriethyl- 
CH; choline 
2-Amino-2-methyl- 
propanol-1 


1-Aminopropanol-2 
CH:.OH 


>N—C—CHOH 


B-Methylcholine 
B-Methyltriethylcholine 


a-Methyl-a-hydroxy- 
methylcholine 
CH; a-Methyl-a-hydroxy- 
2-Amino-2-methyl- methyltriethylcholine 
propanediol-1,3 
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1.0 per cent of the inhibitor required 150 and 
200 mg/100 g of choline chloride, respectively. 
These amounts of choline not only protected 
the animals from hemorrhagic kidney degenera- 
tion, but also from fatty infiltration of the liver. 
Since hemorrhagic kidney degeneration ap- 
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The results of the study of a,a-dimethyltri- 
ethylcholine and choline were less certain. A 
level of 0.8 per cent of this inhibitor required a 
concentration of choline chloride of about 133 
mg/100 g whereas a level of 1.6 per cent in- 
creased the choline requirement to about 200 


Fig. 1. 


tions in the diet. 


peared occasionally during several repetitions 
of the experiment in which the combination of 
0.33 per cent 2-amino-2-methylpropanol-1 and 
100 mg/100 g choline chloride was administered, 
this concentration of choline is reasonably close 
to the actual concentration of choline required. 


TABLE II 
Basic Diet Employed 


% 
Casein (GBI—vitamin test) 18 
Crisco 15 
Wesson oil 2 
Cod liver oil 4 
Sucrose 
Glucose 40 


Salt mixture (Phillips and Hart) 4 
Thiamin hydrochloride 
Riboflavin 0.4 
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MQ9.% Choline Chloride 


The dietary concentration of choline chloride necessary to prevent 
hemorrhagic kidney degeneration caused by feeding 2-amino-2-methyl- 
propanol-1 and a,a-dimethyltriethylcholine chloride at various concentra- 
Curve A, 2-amino-2-methyl-propanol-1; 
a,a-dimethyltriethylcholine chloride. 


Pyridoxine hydrochloride 
Calcium pantothenate 
Nicotinic acid 


0.3 mg/100 g 
1.0 
1.0 


curve B, 


mg/100 g. The concentration of choline re- 
quired to counteract the effect of 2.4 per cent 
a,a-dimethyltriethylcholine chloride was only 
slightly higher than that required to re- 
verse the effect of 1.6 per cent of the inhibitor. 
Unlike the findings with 2-amino-2-methylpro- 
panol-1, those concentrations of choline which 
afforded kidney protection to most of the 
animals receiving each level of concentration 
of a,a-dimethyltriethylcholine were insufficient 
to reduce the total liver lipid concentrations 
to the control values. However, higher con- 
centrations of choline were effective. in this 
respect. Extrapolation of the curves in Figure 
1 to zero inhibitor concentration gives a value 
of about 50 mg/100 g which would be the cho- 
line concentration normally required to prevent 
hemorrhagic kidney degeneration. This con- 
centration of choline corresponds to a daily in- 
take of about 3 mg of choline, a value in the 
same range as that determined by Griffith.® 


4 
: 
et 
7 
2 
a 
¥ 
“4 
~ 
ax 
‘i 
‘ 
‘a 
a 
| 


256 THE AMERICAN JOURNAL OF CLINICAL NUTRITION 


On the basis of preventing hemorrhagic kid- 
ney degeneration, the calculated molecular in- 
hibition index for 2-amino-2-methylpropanol-1 
is about 9. The index for a,a-dimethyl- 
triethylcholine is somewhat less than nine over 
the range of concentrations and acts strongly 
as a competitive inhibitor of choline. 

In accordance with the hypothesis of Welch’ 
that the intact choline molecule is necessary 
for the prevention of hemorrhagic kidney de- 
generation and fatty infiltration of the liver in 
rats, it was concluded that a,a-dimethyltri- 
ethylcholine is a competitive inhibitor of cho- 
line utilization in the kidney and in the liver, 
while 2-amino-2-methylpropanol-1 inhibits the 
utilization of choline mainly in the kidney and 
perhaps to a slight extent in the liver. 

The apparent organ specificity of 2-amino-2- 
methylpropanol-1 has obvious implications in 
the therapeutic applications of antimetabolites. 
Not only do the systems utilizing choline in rat 
liver and kidney exhibit a difference in sus- 
ceptibility to 2-amino-2-methylpropanol-1 and 
a,a-dimethyltriethylcholine, but the choline 
utilizing systems in Neurospora crassa (strain 
34486) and Saccharomyces carlsbergensis and in 
the rabbit ileum are susceptible to still other 
choline antagonists.’ A list of the effective 
antagonists in these systems is shown in Table 
III. 


TABLE III 
Antimetabolites of Choline 


A. In neurospora crassa (strain 34486): 
Ethanolamine 
8-Methylcholine 
a-Methyl-a-hydroxymethylcholine 

B. In saccharomyces carlsbergensis 
Methvldiethylhomocholine 
1-Diethylaminopropanol-2 
a,a-Dimethylcholine 

C. In rabbit ileum 
Triethylcholine 
8-Methyltriethylcholine 
a-Methyl-a-hydroxymethylcholine 


Recently we have been studying the abilities 
of labile-methyl compounds other than choline 
to overcome the effects of 2-amino-2-methyl- 
propanol-1' and in trying to determine the 
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mechanism of action of this inhibitor. The 
labile-methyl compounds studied are pi- 
methionine, betaine and 8-dimethylpropiothe- 
tin. Normally 1 mg of choline chloride is 
replaced in the diet of the rat by 4 mg of pL- 
methionine or betaine hydrochloride!! and 
theoretically by about 4 mg of 6-dimethylpro- 
piothetin hydrochloride. Since 100 mg/100 g 
(0.72 mMol/100 g) choline chloride in the diet 
effectively prevents the production of hemor- 
rhagic kidney degeneration by 2-amino-2- 
methylpropanol-1 at a dietary concentration 
of 0.33 per cent (3.7 mMol per cent) it might 


TABLE IV 
Dietary Concentrations of Methyl Donors Neéessary 
to Replace 100 mg/100 g Choline Chloride in Presence 
of 0.33% 2-Amino-2-methylpropanol°* 


Concentration Concentration 


Methyl! donor expected found 
mg/ mMol/ me/ mMol/ 
100 g 100 109 g 100 
pL-Methionine 400 2.7 1800 13.2 
hydrochloride 
Betaine hydro- 400 2.6 >2800 | >18.2 
chloride 


8-Dimethylpro- 445 2.6 >2059 | >12.2 
piothetin 
hydrochloride 


* 100 mg/100 g choline chloride is equivalent to 
0.72 mMol/100 g; 0.33% 2-amino-2-methylpropanol-1 
is equivalent to 3.7 mMol/100 g. 


be expected that 400 mg/100 g (2.7 mMol/- 
100 g) of pLt-methionine and equal molecular 
amounts of betaine hydrochloride and £- 
dimethylpropiothetin hydrochloride would also 
offset the effects of the same concentration of 
the inhibitor. As seen in Table IV, the 
amounts of methionine, betaine, and dimethyl- 
propiothetin required were much higher than 
was expected. In the presence of the inhibitor 
the amount of methionine equivalent to 1 mg of 
choline was about four and one-half that ex- 
pected and the amounts of betaine and £- 
dimethylpropiothetin exceeded this. 

Since, of the labile-methyl compounds stud- 
ied, methionine is the nearest precursor of 
choline in its biosynthesis, it was concluded 
that 2-amino-2-methylpropanol-1 inhibits the 
transfer of the methionine methyl group in 
choline synthesis in the kidney as well as inter- 
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fering with the utilization of choline in this or- 
gan. This conclusion seemed reasonable since 
B-methylcholine had been found to inhibit the 
methylation of dimethylaminoethanol in JN. 
crassa.’ However, other possible mechanisms 
present themselves. First, the methionine 
might be methylating the inhibitor. Although 
dietary methionine is sufficient for this purpose, 
it seems unlikely since in the presence of cat- 
alytic amounts of methionine, betaine and £- 
dimethylpropiothetin should serve as well. 
In addition, if it be assumed that it is the rela- 
tionship of the concentration of free choline to 
that of inhibitor in the kidney which is of im- 
portance in counteracting the inhibitor, then 
it is possible to explain the apparent inhibition 
of choline synthesis on a kinetic basis. The 
normal concentration of free choline in the kid- 
ney would be, in the absence of dietary choline, 
determined by the balance between the rate of 
synthesis and the rates of utilization and ca- 
tabolism. If this normal equilibrium concen- 
tration were not sufficient to overcome the in- 
hibitor, a higher equilibrium concentration 
could be established by increasing the concen- 
tration of methionine available for trans- 
methylation. Increasing the concentration of 
betaine or 6-dimethylpropiothetin would not 
be effective because the homocysteine concen- 
tration would be limiting. Experiments done 
thus far have not permitted an unequivocal 
decision concerning these two mechanisms. 
Whether or not 2-amino-2-methylpropanol-1 
antagonizes the transmethylation of methio- 
nine remains to be demonstrated by further ex- 
periments. However, ethionine has _ been 
shown conclusively to be an antagonist of 
methionine and the discussion to follow will be 
a survey of the work done with this compound. 


ETHIONINE 


Dyer” in 1938 reported the synthesis of 
ethionine together with the observation that it 
would not support the growth of rats on a diet 
devoid of cystine and containing suboptimal 
amounts of methionine. This was confirmed 
by Shen and Lewis" who also observed that the 
administered ethionine was largely excreted as 
extra sulfur in the urine. Harris and Kohn" 
obtained evidence in Escherichia coli that 


ethionine was a competitive inhibitor of 
methionine. 

Ethionine has been found to be an antagonist 
of methionine as judged by several biologic 
criteria: growth, both in animals and micro- 
organisms, protein synthesis and transmethyl- 
ation. 

Stekol and Weiss reported that p- and L- 
ethionine as well as pL-ethionine were effective 
growth inhibitors in rats and that their effect 
was alleviated by either p- or L-methionine. 
Choline was also found to be effective in allevi- 
ating the effect of the inhibitor due probably to 
its ability to spare methionine. 

Simpson ef al.’® obtained evidence which 
indicated that ethionine competitively in- 
hibited the incorporation of methionine into the 
liver proteins of intact rats, Table V. Ethio- 


TABLE V 


Effect of Ethionine and of Ethionine Plus Methionine 
on Uptake of Methionine by Liver Proteins of Rats 


Specific activity of 
protein after . 
(counts/min/y»M)* 


Experi- Methionine Methio- 
ment injected Methio- nine + % in- 
No. mMol nine ethionine hibition 
2 0 67 31 53 
3 0.92 213 200 6 


*In all experiments, a tracer dose (6.7-13.4 »M) 
of methionine was given by intraperitoneal injection. 
Each animal received 0.92 mMol of ethionine intra- 
peritoneally in divided doses. 


nine has a similar effect in bacteria” and studies 
of the free amino acid concentrations in plasma 
and tissues after ethionine administration are 
in agreement with this concept.'*:'® Not only 
does ethionine inhibit the incorporation of 
methionine into proteins, but much work??-22 
has indicated that ethionine itself is incor- 
porated into proteins. These observations 
have led to the hypothesis that the effects of 
ethionine are to be attributed to abnormal pro- 
tein formation.” Apparently ethionine is in- 
corporated into the protein in some of the same 
sites that would normally be occupied by 
methionine. The affinity for incorporation 
of ethionine, however, is only +/ that for 
methionine. Once ethionine is incorporated, 
it is not readily released by methionine.”! 
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In contrast to these findings, it has been re- 
ported** that ethionine in concentrations up to 
0.005 M did not inhibit the incorporation of 
leucine into protein by rat liver homogenates. 
No inhibition of protein synthesis in the pan- 
creas of ethionine treated rats was observed.”* 

In 1950, Farber ef al. reported an inter- 
ference with lipid metabolism by ethionine. 
It was found that the intraperitoneal ad- 
ministration of ethionine to fasted female rats 
produced a rise in liver lipid concentration 
which was clearly discernible after 12 hours 
and thereafter increased with time (Table VI). 


TABLE VI 


Effect of Some Amino Acids on Fatty Liver Produced 
by Ethionine*** 


No. of Test substance Dose Total lipid 
rats mMol %, wet wt 
21 None, no ethionine _ 6.1+0.3 
22 | None, with ethionine 13.42 0.5 
3 | pL-methionine, with 0.63 6.6+0.8 
ethionine 
3 | Glycine, withethionine | 1.23 | 11.9+0.5 
3 | pLt-homocysteine, with | 1.23 | 12.82+0.5 
ethionine 


* Female rats (170-200 g); fasted 12 hours before 
treatment, sacrificed 12 hours after start of treatment. 
1.23 mMol ethionine given intraperitoneally in four 
equal doses at 2.5 hour intervals. Test substance 
given simultaneously with the ethionine. 


Male rats were much less susceptible to this 
effect of ethionine. The ethionine fatty liver 
could be prevented by methionine, but not by 
any other amino acid tested. Choline, di- 
methylthetin, and inositol were also ineffective 
though homocysteine plus dimethylthetin ap- 
peared to have some effect. Large doses of 
glucose or sucrose given by stomach tube could 
also prevent the rise in liver lipid. 

These observations were extended and con- 
firmed by Jensen et al.% and by Levine and 
Fopeano.” The latter workers also observed, 
in addition to the effect on lipid metabolism, 
that the liver protein content of both male and 
female rats receiving ethionine and no choline 
was significantly higher than that of pair-fed 
controls. Choline administration abolished 
this difference. 

Farber and Segaloff* studied the effects of 
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various hormones on the ethionine induced 
fatty liver in ovariectomized rats. It was 
found that treatment of the animals with 
androgens and with growth hormone before 
giving the ethionine prevented the production 
of fatty liver to a large degree. Estradiol- 
178, 11-deoxycorticosterone acetate, thyroid- 
stimulating hormone, prolactin, and crystalline 
zinc insulin were not protective whereas corti- 
sone acetate and corticotropin (ACTH) intensi- 
fied the fatty liver. Sodium L-thyroxine gave 
equivocal results. 

It is clear that the ethionine-induced fatty 
liver cannot be due to a deficiency of labile 
methyl groups, but is the result of a more com- 
plex cause. The available evidence indicates 
that some other aspect of methionine metab- 
olism is importantly involved which has to do 
with the kind and amounts of protein synthe- 
sized. In this regard, it is pertinent to point 
to the work reported by Singal ef a/.*® and by 
the Wisconsin group**—** concerning the pro- 
duction of fatty livers in rats by feeding diets 
in which the amino acids were “‘out of balance.” 

However, ethionine is capable of interfering 
with transmethylation from methionine* as is 
indicated in Table VII. Stekol and Weiss® 
obtained evidence which indicated that ethio- 
nine is de-ethylated im vivo. Ethionine, labeled 
with C'* in the methylene carbon of the ethyl 
group, was administered to rats and radioactive 
creatinine and choline were isolated from the 


TABLE VII 
Inhibition of Choline Synthesis by pL-Ethionine** 


% Creatine 
methy! derived 


% Choline 
methy! derived 


Rat from dietary from dietary 
No. Diet methionine methionine 

1 Ethionine _ 7.20 + 0.10 
2 - 6.85 + 0.18 8.66 + 0.10 
3 Control 5.50 + 0.18 10.5 +0.08 
4 4 5.68 + 0.18 10.4 +0.07 


tissues. The radioactivity was confined to 
the trimethylamine moiety of the molecule. 
In addition, when ethionine-S®*® was adminis- 
tered to rats together with bromobenzene, 
radioactive p-bromophenylmercapturic acid 
was isolated from the urine. Schlenk and 
Tillotson® found that Torulopsis utilis and 
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Saccharomyces cerevisiae grown in a medium 
containing DL-ethionine accumulated a sulfur- 
containing nucleotide which appeared to be 
5’-ethylthioadenosine. This biosynthesis re- 
sembles the metabolic relation between methio- 
nine and methylthioadenosine and is in accord 
with the idea that ethionine can be deethylated 
in vivo. 

In summary, it is clear that the antimetab- 
olites of choline and methionine discussed do 
antagonize the metabolic effects of their re- 
spective metabolites. However, their funda- 
mental mechanisms of action remain undefined. 
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DISCUSSION 


Dr. R. Bentley (University of Pittsburgh, Pittsburgh, 
Pa.): I think Dr. Wells would agree that the work he 
has presented this afternoon indicates once again the 
very intricate and frequently confusing interrelation- 
ships which exist among these various lipotropic fac- 
tors. In this case we have, on the one hand, two 
inhibitors which in vitro inhibit the choline dehydro- 
genase system. Jn vivo, on.the other hand, these com- 
pounds do not inhibit the growth of rats on methionine- 
deficient diets which are fed with choline and homo- 
cystine. Apparently the inhibitory action on the 
choline dehydrogenase system is no longer manifested 
in vivo. I wonder if Dr. Wells knows at which point 
the in vitro inhibition takes place, since I think it is 
very important for the present discussion. 

I would like to consider possible reasons for this 
failure of the inhibitors to act in vivo. One explanation 
may be that the inhibitors are transformed to other 
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compounds which no longer are inhibitors of the choline 
dehydrogenase system but which do seem to have this 
second antagonistic relationship to choline. Appar- 
ently Dr. Wells can rule out methylation as a trans- 
forming reaction here, but I wonder perhaps if he has 
any information about the metabolic fate of, for 
example, 2-amino-2-methylpropanol. Are there any 
experiments to work out what happens to this com- 
pound? This may be an important point for explora- 
tion in order to define precisely the compound which 
is antagonistic with choline in the second type of 
reaction that Dr. Wells was discussing. 

Another possibility is that it is incorrect to look for 
antagonisms between these inhibitors or their metab- 
olites, and choline. I was wondering if we might not 


find another possible mechanism for the action of these 
inhibitors, particularly the 2-amino-2-methylpropanol. 
One possible antagonism might be seen with the 
l-amino-2-propanol moiety present in vitamin By. 
This may sound like an unusual idea, but perhaps it is 
worth throwing out. 


In the amino compounds used as inhibitors and in the 
aminopropanol present in Biz, the amino groups and 
hydroxyl groups are quite similar. They are both 
separated by two carbon atoms. I think it is possible 
that the added 2-amino-2-methylpropanol might 
undergo phosphorylation, for example, and the analogy 
would then be even closer with the chemical situation 
in vitamin Bi. If I understand the discussion this 
morning correctly, I think that Dr. Stekol is not con- 
vinced that it is possible to pin down a role for vitamin 
Biz in the de novo synthesis of methyl groups. On the 
other hand, there seems to be sufficient evidence of a 
connection between vitamin Bi: and choline synthesis, 
and I wonder if it might be worth considering that 
2-amino-2-methylpropanol is, in effect, antagonistic 
toward vitamin Bi. 


Dr. Stekol: I have two comments. The first is that 
2-amino-2-methylpropanol is an analogue of dimethyl- 
aminoethanol. I think it more profitable to consider 
the effect of 2-amino-2-methylpropanol as an antagonist 
to dimethylaminoethanol. Labeled 2-amino-2-methyl 
propanol is incorporated into tissue phospholipid. It 
is apparently methylated by methionine. That is my 
first comment. 

The second comment is apropos of ethionine. Ethio- 
nine has been accused of being an antagonist of methio- 
nine in the protein synthesis by being incorporated 
into the protein in positions where methionine usually 
goes. Quantitative considerations, however, rule that 
theory out. The quantities of ethionine incorporated 
are of the order of 10~* of the extent of incorporation 
of methionine. However, the idea that ethionine 
antagonizes methionine in protein synthesis could be 
looked upon from the standpoint of metabolism of 
methionine and ethionine, particularly with respect to 
the involvement of ATP in the metabolism. 

Recently, we have reported the isolation of S- 
adenosyl-ethionine after incubation of radioethionine 
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with ATP in liver preparations. The amounts of 
S-adenosyl-ethionine and S-adenosyl-methionine formed 
by the liver are about equal. That means that ethio- 
nine and methionine would compete for ATP. 

The competition for ATP between the two amino 
acids appears to explain practically every physiological 
effect of ethionine that one observes in the intact 
animal, first, the fatty infiltration; second, the allevi- 
ation of the so-called fatty infiltration by glucose; 
third, the inhibition of glucose oxidation upon adminis- 
tration of ethionine; fourth, the lowering of the 
capacity of the animal to synthesize choline from 
methionine after the injection of ethionine; fifth, 
complete destruction, within six to twelve hours, 
of acinar cells of the pancreas after ethionine adminis- 
tration; sixth, inhibition of ‘‘protein synthesis,”’ as 
studied by the uptake of radioactive amino acids, and 
so on. We believe, therefore, that the antimetabolic 
effect of ethionine is due simply to stoichiometric com- 
petition of ATP between methionine and ethionine. 

The compound that Dr. Lewis of the University of 
Michigan, reported some years ago as being excreted 
in the urine of the rat in apparently unchanged form 
after feeding ethionine is S-adenosyl-ethionine which 
can be readily isolated from the urine. S-adenosyl- 
ethionine does not act as a donor of ethyl group as 
actively as S-adenosyl-methionine acts as the donor 
of its methyl. It looks, then, that “binding” of ATP 
by ethionine is irreversible in a physiologic sense, 
whereas this “‘binding’’ by methionine is not. For 
that reason ethionine would constitute a drain on the 
ATP of the animal organism. 

Dr. Wells failed to mention, and I think it is a very 
important question, that the continuous administra- 
tion of ethionine to rats orally or intraperitoneally, 
produces after 11 months, carcinoma of the liver. As 
we reported, I think, at the last meeting, we have been 
following the changes in the lactic acid production in 
rats with time after a single administration of ethionine. 
There is an increase in lactic acid synthesis by the liver; 
an inhibition of glucose oxidation to CO2; there is an 
inhibition of pyruvate oxidation which is not due to 
inhibition of thioctic acid synthesis or to any other 
alteration except in the extent of synthesis of coenzyme 
A. This again could be correlated with the inactiva- 
tion of ATP by ethionine. From that standpoint, if 
you look at the metabolic picture of ethionine, it will 
be a little easier, perhaps, to understand the various 
physiologic effects induced by ethionine which have 
been discussed here. 


Dr. Artom: I would like to ask a question of Dr. 
Stekol. Does he know whether 2-methyl-2-amino- 
propanol is methylated before or after incorporation 
into a phospholipid? I am ‘asking this question, 
because we have shown that in vivo as well as in vitro 
dimethylethanolamine can be incorporated into a phos- 
pholipid even before being further methylated to 
choline. 


Dr. Stekol: I cannot say what happens first, whether 
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it was incorporated first and then methylated or 
whether it was methylated and then incorporated. 
All I can say is that 2-amino-2-methyl moieties of 2- 
amino-2-methylpropanol are in phospholipid which 
could be detected chromatographically. Apparently 
the compound is in the methylated form. Proof of the 
pudding will be the isolation of the methylated 2- 
methyl-2-aminopropanol. This we have not done yet. 
That is the reason why I feel that this discussion be 
sort of ‘off the record.” 


Dr. A. L. Sheffner (Mead Johnson & Company, 
Evansville, Ind.): Does the injection of ethionine affect 
other enzymatic reactions like transamination or pro- 
duction of urea? 


Dr. Stekol: We have studied four or five. There 
was a report, I forget by whom, on the inhibition of 
amylase synthesis by ethionine, but that has not been 
confirmed, and on* the® inhibition of choline oxidase. 
There is apparently an inhibition of many enzymatic 
reactions in vivo, by ethionine administration but any 
reaction that involves coenzyme A or ATP will be in 
trouble with ethionine. For that reason a very con- 
fusing and widespread effect of ethionine in the whole 
animal I think could be explained, perhaps, on the basis 
of the inhibition of coenzyme A formation and involve- 
ment of ATP in ethionine metabolism would account 
for at least some of the inhibitions of some of the 
enzymatic reactions by ethionine administration to 
animals. 


Dr.I. Wells (closing remarks): The first question con- 
cerned the metabolic fate of 2-amino-2-methylpropanol. 
I have nothing definite to say on this. Dr. Stekol’s 
comment that this material is incorporated into the 
phospholipid is very interesting indeed. I do know 
that apparently this inhibitor as administered disap- 
pears fairly rapidly and its administration must be 
continued in order to get an effect. 

As far as the compound being an antagonist of the 
aminopropanol which has been isolated from vitamin 
Biz, we also at one time thought of this; however, on 
second thought, we did not know of a definitive role 
which had been demonstrated for B,: to play in meth- 
ylation reactions and hence we have not investigated 
it further. 

I must apologize to Dr. Stekol. I was not aware 
of a report that ethionine causes carcinoma in rats. 


Dr. Stekol: That was reported by Farber about five 
years ago. 


‘Dr. Wells: 1 would like to ask Dr. Stekol one ques- 
tion about his explanation for ethionine action. I 
still am not clear how this would explain the sex dif- 
ference which has been observed. 


Dr. Stekol: I do not believe the sex difference has 
been confirmed by the same workers who originally 
claimed it. 


Dr. K. Hofmann (University of Pittsburgh, Pittsburgh, 
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Pa.): We believe that we understand the structure of 
lipids as they are nicely categorized in all the textbooks, 
and we think we know what lipids really are. I 
would like to support the point of view that we really 
have just begun to scratch the surface regarding lipid 
structure. I don’t think that we have any information 
on the state of the lipids in lipoproteins and how they 
are linked to the protein. Also, little is known about the 
complex lipid structures which constitute the cell walls. 

I think that questions regarding lipid metabolism 
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which we are unable to answer based on present-day 
knowledge, might be answered if we do not neglect 
further study on the chemical structure of the more 
complex substances which constitute combinations of 
carbohydrates and lipids, and combinations of proteins 
and lipids. This is an area in which there is complete 
ignorance at the present time, and I think we should 
explore these aspects of the problem in conjunction 
with inquiries into the metabolic or nutritional aspects 
of lipids. 


The Renal Lesions in Choline Deficiency 


WENDELL H. GriFFITH, PH.D.* 


so RECOGNITION that a renal lesion is one 
of the direct effects of a deficiency of cho- 
line in the diet of weanling rats was the result of 
a study of the role of amino acids as lipotropic 
compounds.' It had been my good fortune to 
be a student of the late Howard B. Lewis and, 
as was true of so many of those he trained, a 
very real interest in the metabolic relationships 
of the structural components of the proteins 
had been kindled by his zeal and enthusiasm 
for research in this field.2 The stimulation to 
investigate the specific effects of amino acids 
on the development of the ‘‘fatty liver” re- 
sulted from hearing H. J. Channon discuss 
some of his experimental findings on this sub- 
ject at a meeting of the British Biochemical So- 
ciety at University College, London, early in 
1937. His paper was an extension of the 
earlier report‘ on the surprising effect of cystine 
in increasing the deposition of liver fat in adult 
rats on a low-choline diet. This report was fol- 
lowed within the year by the beautiful demon- 
stration by Tucker and Eckstein that methio- 
nine, the other principal sulfur-containing 
amino acid of proteins, exerted an opposite 
effect.5 At this time no information was avail- 
able on the phenomenon of transmethylation, 
nor was there any real hint regarding the de novo 
synthesis of methyl groups. 

The experimental procedures of Beeston and 
Channon and of Tucker and Eckstein followed 
the pattern set by Best and Huntsman® who 
in 1932 first demonstrated the lipotropic action 
of choline in rats and who in 1935 showed that 
casein also has lipotropic properties. Channon 
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and Wilkinson confirmed this finding and in- 
troduced the low-casein (5 per cent), high-fat 
(40 per cent) diet which was widely adopted in 
the study of fatty liver production in older 
rats.” 

The decision to study this problem by using 
young rather than adult rats was, of course, 
based on the anticipation that the additional 
requirements of both choline and amino acids 
for growth might permit a clearer definition of 
their interrelations. A deliberate effort was 
made, therefore, to select a combination of 
proteins of the highest biologic value in order to 
provide the maximum opportunity for growth 
and, at the same time, the maximum fatty liver 
effect, it being assumed that low total protein 
favored the accumulation of lipids in the liver. 
Accordingly, fibrin, casein, and ovalbumin were 
selected as proteins that supplied a superior 
mixture of amino acids, at least for growth, and 
the effectiveness of the diet was tested first - 
with growth and not choline deficiency in mind. 
It is pertinent to note that at this date it was 
not feasible to use mixtures of pure amino acids 
in place of protein and that the adequacy of 
the supply of water-soluble vitamins could not 
be guaranteed without the use of extracts of 
liver, of rice ‘‘polish,” or of yeast. Dried hog 
liver (2 per cent) and powdered brewer’s yeast 
(5 per cent) were added to these original diets 
to ensure, if possible, the provision of trace 
nutrients. As in the studies of Best and others 
on older rats the diet was high in fat (40 per 
cent). Diets containing the three proteins, 
singly and in various combinations, were fed 
weanling rats for a 30-day period.® 

Two unexpected findings resulted from this 
first experiment (Table I). Extra liver fat 
was found in every rat despite the significant 
amounts of choline provided by the liver and 
yeast supplements. Furthermore, the extent 
of the fatty liver was proportional to the level of 
dietary protein and to the rate of growth. The 
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TABLE I 
Production of Fatty Livers in Weanling Male Rats 


Added Total 
n 
weight 


Lipids 
liver fo 
lipids liver 


choline 
| chloride 
4/100 g 


5 
5 
0.5 


* Fibrin: casein:egg albumin, 2:2:1 (modified from 


_ Griffith and Wade‘). 


livers of the rats fed the 15 per cent protein mix- 
ture were especially enlarged and grossly fatty 
in appearance. The heavy deposition of he- 
patic fat (30.6 per cent), which was largely 
prevented by a dietary supplement of choline, 
demonstrated clearly that weanling rats were 
indeed likely experimental animals for these 
studies because changes in liver lipids could 
be produced regardless of the adequacy of the 
dietary protein for growth. . 

Following this demonstration, a similar diet 
was prepared in which the choline-containing 
liver and yeast supplements were replaced by a 
mixture of pure vitamins and of aqueous con- 
centrates of rice “polish” and hog liver. Au- 
topsy of a group of weanling male rats after a 
10-day period on the modified diet showed 
greatly enlarged, purplish-red kidneys with 
hemorrhagic capsules in 39 of 40 rats as shown 
in Figure 1. No such lesion was observed in a 
group fed the same diet supplemented with 0.4 
mg of choline chloride per gram of food, but the 
livers were extremely fatty. The addition of 
2.0 mg of choline chloride per g of food was re- 
quired to prevent the deposition of extra he- 
patic lipids as well as the renal pathology. 
Needless to say, the acceptance of the renal 
lesion as an effect of choline deficiency was not 
immediate. After the first observations all 
dietary components were discarded, including 
the salt mixture, and new diets were prepared 
with care to avoid accidental contamination 
‘with toxic substances. However, the lesions 
were produced consistently and were just as 
consistently prevented by small supplements 
of choline. 

The renal lesion was called “‘hemorrhagic de- 
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generation” because of the unmistakable evi- 
dence of subcapsular bleeding and because of 
the hemorrhagic appearance of the cortex of the 
kidney. In a typical series the characteristic 
sequence included the maximal deposition of 
liver lipids during the first five days, elevation 
of the blood nonprotein nitrogen on the fifth 
day and uremic levels of approximately 250 
mg per 100 mlon the seventhday. Renal func- 


Fig. 1. Effects of choline deficiency in weanling male 
rats after eight days on low-choline diet. The control 
rat is on the left. The center rat is in the acute phase 
of hemorrhagic degeneration. The rat on the right is 
in the first stage of the recovery phase. The kidneys 
at the top of the plate illustrate the characteristic 
cortical congestion of the acute lesion. The marked 
fatty enlargement of the liver and hemorrhage into the 
eyeballs (placed between the kidney sections) are 
evident. 


tion at this time was markedly impaired.? More 
severely affected animals showed ocular hemor- 
rhage also. Mortality varied from 0 to 100 per 
cent depending on such factors as the complete- 
ness of the removal of choline from the diet, the 
age and sex of the rats and, as was shown 
later,’!! the amount of dietary sulfur and its 
distribution between cystine and methionine. 
Hemorrhagic degeneration was wholly pre- 
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protein* 
2/100 g 
21 | 3.70 27.5 
10 | 0 59 | 5.50 27.3 
67 | 7.58 30.6 
5 38 | 3.35 5.4 
10 65 | 4.50 4.7 
15 71 | 4.75 6.0 
‘ 
0.6.9 
4 
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vented by supplements of choline too small to 
affect the deposition of liver lipids. 

The increase in weight and the gross appear- 
ance of the affected kidneys afforded criteria of 
the severity of the choline-deficient diet. These 
changes, which have been described by Christ- 
ensen,'* were due primarily to the congestion of 
the cortical capillaries and capsular vessels. 
Peripheral glomeruli frequently appeared dis- 
tended with blood but red cells were not ob- 
served in the tubules. Hemorrhage was slight 
except in the capsule and at the periphery of 
the cortex. More severely affected kidneys 


exhibited massive destruction of the vascular 
system in this region (Fig. 2). 
The most significant degenerative change, 
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however, was in the renal tubules. Affected 
parts of convoluted tubules in the cortex showed 
necrosis, albuminous degeneration, or hyaline 
droplet degeneration. Edema and desquama- 
tion were observed in some. Tubules in the 
deep part of the cortex and in the outer portion 
of the medulla were always filled with casts. 
Numerous fat droplets were demonstrable his- 
tologically (Scharlach R) in the necrotic tubu- 
lar cells as well as in the blood of the congested 
cortical vessels. 

Almost as spectacular as the onset of hemor- 
rhagic degeneration was the spontaneous re- 
covery observed in many animals surviving the 
acute phase. As the cortical congestion dis- 
appeared, the kidneys remained enlarged and 


Fig. 2. Peripheral zone of the renal cortex during the acute stage of choline 
deficiency in weanling rats, showing cortical congestion and tubular necrosis 


(hematoxylin and eosin X 165). 
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light yellow in color, if the previous acute stage 
was moderate, but chalky, yellowish-white if 
the acute stage was severe. Kidneys of the 
latter type were frequently covered with ir- 
regular white deposits and were described as 
“frosted” as noted in one animal shown in 
Figure 1. Kidneys in recovered animals ex- 
amined months after the acute phase were 
usually of normal weight, sallow brown in 
color, irregular in shape and roughened by 
grooves or depressions which marked the lo- 
cation of scar tissue. 

_ Why does hemorrhagic degeneration occur? 

Hartroft and Best have suggested the following 
sequence of events which may account for the 
histologic alterations in the renal structure.'*:'4 
Small droplets of stainable fat appear in the 
epithelial cells of the proximal convoluted tu- 
bules of the cortex; concomitantly, generalized 
swelling of the affected nephrons occurs, with 
obstruction of the intervening plexus in the 
cortex; tubular ischemia and necrosis result 
and there is engorgement of the proximal corti- 
cal vessels which rupture into and beneath the 
capsule. Whether or not fat droplets are 
causal agents for subsequent events is, of 
course, uncertain. Baxter and Goodman were 
unable to demonstrate an increase in renal 
lipids prior to the onset of the degeneration and 
have expressed caution in concluding that the 
appearance of the fat is other than a manifes- 
tation of the pathologic process.” In any 
event, the question of the origin of the bio- 
chemical alterations remains unanswered. 

An unproved but reasonable working hy- 
pothesis involves the concept that the kidney 
requires a continuing source of choline for the 
synthesis of lecithin. The biogenesis of leci- 
thin has been clarified by Kennedy who has 
demonstrated that choline is incorporated into 
the phospholipid by way of phosphorylcholine 
and cytidine diphosphate choline in the pres- 
ence of the enzymes, phosphorylcholine-cytidyl 
transferase and phosphorylcholine glyceride 
Cofactors of dietary origin 
may be required for these enzymatic reactions. 
However, if it is assumed that the failure in 
hemorrhagic degeneration is in the availability 
of choline rather than in its conversion into 
lecithin, four sources of choline, at least, must 


severity of the renal lesion? 
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be taken into account, viz., dietary choline, 
choline cleaved from choline-containing tissue 
constituents, choline formed by transfer of 
methyl from a methyl donor, such as methio- 
nine, to dimethylethanolamine, and choline 
formed from ethanolamine by the de novo syn- 
thesis of methyl from one-carbon fragments. 
Most of the investigations of choline defi- 
ciency have been concerned with the dietary 
supply of choline itself, of the methyl donors, 
methionine and betaine, of the methyl accep- 
tors, ethanolamine and its mono- and dimethyl 
derivatives, and of the trace nutrients required 
in transmethylation and in formate-to-methyl 
synthesis, notably folic acid and vitamin By. 

Consideration of some of these relationships 
is illustrated in a recent paper by Young et al." 
who have studied the relative extent of bio- 
genesis of choline by de novo synthesis of methyl 
and by transmethylation in young rats. Strik- 
ing, in this connection, were the findings that 
monomethylethanolamine prevented renal le- 
sions in the absence of vitamin By, that the vi- 
tamin was ineffective in this regard in the 
absence of the ethanolamine derivative, that the 
vitamin was not required for the transfer of 
methyl from betaine, and that it did favor de 
novo synthesis of methyl to compensate for a 
partial deficiency of preformed dietary methyl. 

Further evidence that the nonavailability of 
choline is the primary cause of hemorrhagic 
degeneration has been provided by Wells who 
has demonstrated that 2-amino-2-methylpro- 
panol-1 and a,a-dimethyltriethylcholine act as 
competitive inhibitors of the utilization of cho- 
line in the kidney and that the renal lesion 
is increased by their administration.’ Con- 
ceivably, such, an inhibition might be effective 
by interference with ethanolamine in the de 
novo synthesis of methyl, by interference with 
dimethylethanolamine in its role as an acceptor 
of methyl by transmethylation, or by interfer- 
ence with choline in the reaction in which leci- 
thin is formed. 

How do these possibilities fit the observa- 
tions that have been made with regard to the 
experimental factors affecting the incidence and 
Obviously, the 
ease of production of the lesion in weanling 
male rats permits the conclusion that the re- 
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quirement of choline is relatively large at this 
time, larger than can be compensated by the 
usual reactions of biogenesis. Furthermore, the 
rapid recovery in surviving animals, without 
dietary change, suggests either that the need 
of choline is temporary only, which is improb- 
able, or that adaptive synthetic mechanisms 
provide an additional supply. If such is the 
case, it is noteworthy that the additional sup- 
ply is insufficient to reduce appreciably the 
level of the fatty liver. 

It was apparent early in the investigation of 
hemorrhagic degeneration that its severity 
was related to the age of the rats.™*!_ Using a 
constant starting weight of 40 g, 20-day-old 
males showed a maximum incidence of lesions 
but very low mortality. Furthermore, most 
of these rats were in the recovery phase at the 
end of the 10-day period. Rats placed on the 
diet from ages 21 to 27 days showed maximum 
lesions and high mortality, with the most se- 
vere lesions in rats 23 days old at the start. 
On the other hand, if the rats remained on the 
stock diet until they were past 30 days of age, 
much more drastic procedures were required 
to produce severe renal lesions. Because of 
the astonishing difference in the severity of 
the choline deficiency in 20 and 23 day-old 
rats, it was suggested that a protective sub- 
stance was present in milk, inasmuch as the 20- 
day old rats were suckling up to the time the 
experimental feeding began. Interestingly, 
Mulford has reported recently that weanling 
rats are less susceptible to choline deficiency if 
vitamin By is administered to the mother dur- 
ing the lactation period.** 

In general, the severity of the deficiency of 
choline in young rats has been found to be con- 
sistent with the data in Table I, i.e., the more 
adequate the diet for growth, except for its pro- 
vision of choline or of the dietary essentials for 
the formation of choline, the more severe is the 
result of the deficiency. For example, the ef- 
fect of cystine in aggravating the severity of 
the renal lesion has been explained as due to its 
effect in removing a dietary lack of sulfur.1! Of 
especial significance was the demonstration that 
restriction of caloric intake also decreased the 
need of choline, presumably by impairment of 
growth.'! Thus, care is needed to distinguish 
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between protection against renal lesions due to 
a choline-like effect of a test substance and 
that due to a depressing effect of the test sub- 
stance on the food intake of experimental rats 
on a low-choline diet. 

Pertinent to the intriguing susceptibility of 
the young male rat to a deficiency of choline 
when approximately 30 days of age is Chanu- 
tin’s concept of chemical maturity in this spe- 
cies.2* Whereas the dried, fat- and ash-free 
tissue of young rats increases progressively 
from birth, Chanutin found that the percent- 
age of creatine in this body component in- 
creased sharply from about 0.85 per cent on the 
20th day of age to 1.10 per cent on the 30th. 
Thus, the concentration of creatine in the 
tissues of the rat reaches a maximum at this 
time and a deficiency of methyl may be partic- 
ularly critical. Furthermore, Kensler e¢ a/.*+ 
have shown that choline oxidase of the liver and 
kidneys increases sharply during this same pe- 
riod. Regardless of these factors, occurrence 
of the lesion has been noted in older rats. 
Handler® showed that the remaining kidney 
in adult rats became hemorrhagic if the animals 
were placed on a methyl-deficient diet imme- 
diately after unilateral nephrectomy. Mul- 
ford* has produced the lesion within 9 to 13 
days in rats 9 to 20 weeks of age by the addi- 
tion of 20 mg of 2-amino-2 methyl-propanol-1 
per gram of food. Renal damage was observed 
in older rats, including female rats, on low- 
choline diets containing added cholesterol.?!:”" 
Growth hormone likewise aggravated the cho- 
line deficiency.”*:*° 

It is apparent that among these reports no 
specific unequivocal explanation has been 
formulated to account for the renal lesion, al- 
though a great deal of information has been ob- 
tained on the facts associated with its occur- 
rence. What of the studies in which measure- 
ments have been made of relevant constitu- 
ents of kidney tissue? Jacobi and Baumann 
determined the choline content of rat kidneys 
and of other tissues during the development of 
the renal lesion and found no evidence that 
choline synthesis did not proceed normally dur- 
ing the critical period.*” They suggested that 
the symptoms of choline deficiency are due to a 
lack of an as yet unidentified methyl-contain- 
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ing essential other than choline itself. On the 
other hand, Patterson and McHenry*! have 
provided evidence of a direct link between a de- 
crease in phospholipid in the kidneys and the 
onset of renal disease. The percentage con- 
centration of phospholipid in the kidneys and 
livers of choline-deficient rats was markedly 
reduced below the concentration of phospho- 
lipid in the kidneys and livers of choline-fed 
animals. The reduction in the kidney during 
the first seven days of the experimental period 
was an absolute decrease, i.e., phospholipid was 
lost from the kidney. During the 10 days in 
which rats were maintained on the choline-free 
diet, the kidney weight doubled due to hemor- 
rhagic degeneration, the total lipid increased 
by 28 per cent, the total nitrogen by 51 per 
cent but the total phospholipid decreased 
slightly. After the first seven days, prior to 
the appearance of the lesion and when the 
kidney weight, total fat, and total nitrogen 
were approximately the same in the deficient 
and control animals, the total phospholipid 
was reduced to 75 per cent of the level at the 
start of the experiment. 


Reference has been made earlier to the possi- 
bility that the appearance of stainable fat in 
renal cells is related to the onset of hemorrhagic 
degeneration. Best and co-workers are of the 
opinion that many tissues other than the liver 
become fatty, to a lesser extent to be sure, dur- 
ing choline deficiency and that choline is a lipo- 
tropic substance for these tissues as well as the 
liver. Moore** has noted fatty changes in the 
kidneys but was unable to relate these to the 
necrotic lesions. It is significant that the na- 
ture of the fatty acids of the diet has been dem- 
onstrated to influence the development of re- 
nal lesions. Engel** believes that both pyri- 
doxine and essential fatty acids are required for 
the lipotropic action of choline. Both Stetten 
and Salcedo** and Daft® observed increased 
severity of choline deficiency if the diet con- 
tained saturated fatty acids. 


Of interest is the observation of Ryan and 
Wade* that the predominately filamentous 
mitochondria of cells in the renal cortex were 
replaced by granular types during choline de- 
ficiency. The filamentous form was restored 
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after the return of the animals to the control 
diet. Olson and Deane had previously noted 
the fragmentation of mitochondria in the tubu- 
lar epithelium and the decreased respiration of 
slices of cortex of degenerated kidneys. Fischer 
and Garrity® have reported a correlation be- 
tween the appearance of renal lesions, a de- 
crease in serum albumin, and an increase in 
a-globulin in weanling rats. They interpreted 
their findings as indicating that priority of use 
of methionine for the synthesis of serum albu- 
min exaggerated the lack of methyl and of cho- 
line and precipitated the renal lesion. 


This presentation has been limited to the 
more prominent observations regarding renal 
lesions in rats during a dietary deficiency of 
choline. No attempt has been made to in- 
clude references to the many important papers 
concerned with additional nutritional aspects of 
the syndrome, with choline deficiency in other 
species, or with effects in rats which appear 
subsequent to a pre-existing lesion, such as the 
studies by Best, et al. on experimental hyper- 
tension,* on serum lipoproteins, ** and on cardio- 
vascular abnormalities.“ In none of these 
investigations are analytical data presented on 
variations in levels of enzymes and of substrates 
in renal tissue that permit the portrayal of the 
series of chemical events leading over a period 
of only a few days to remarkable changes in the 
mass and the character of the kidney, changes 
that are all the more striking because they may 
include both degeneration and recovery. 


It may be said that for approximately two 
decades hemorrhagic degeneration has been 
serving a useful purpose as an easily recognized 
indicator of the severity of a deficiency of 
choline and of nutrients concerned with the 
biogenesis of choline in weanling male rats. 
For nearly one decade the lesion has been used 
in the study of experimental hypertension in 
older rats. Its usefulness in these respects 
should not mask the incompleteness of our 
knowledge of the mechanisms that are involved, 
and of the possible applications in medical sci- 
ence this knowledge might yield. One would 
be remiss, indeed, not to emphasize the unique 
opportunity afforded by the renal lesion of 
choline deficiency for fruitful research. 
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DISCUSSION 


Dr. Willoughby Lathem (University of Pittsburgh, 
Pittsburgh, Pa.): Because of the nature and distribu- 
tion of the lesions that Dr. Griffith has just shown us, 
attention has been called to the similarities and dif- 
ferences between these lesions in choline deficiency in 
rats and a clinical syndrome that we see in patients, 
namely, bilateral cortical necrosis which occurs in a 
variety of clinical circumstances. Cortical necrosis 
arises probably as a result of changes in the vasculature 
of the kidney, and in most instances changes in small 
and large vessels can be demonstrated in patients 
dying with this disorder which are primarily of a 
thrombotic nature. These of course are absent in the 
kidneys of choline-deficient rats. 

Do these lesions arise as a result of changes in the 
renal vasculature or do they occur secondarily as the 
result of some disturbance, metabolic or otherwise, in 
the renal tubules? Although Dr. Griffith did not com- 
ment on this point, it is my understanding that in some 
animals which have less severe degrees of change than 
those that were demonstrated just now, changes in the 
tubules can be seen at an earlier time when there is 
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actually no marked change in the vasculature and little 
hemorrhage demonstrable under the capsule of the 
kidney. If this is true, this might suggest that the 
disease initially, at least, is not primarily one of a change 
in the renal blood supply but occurs secondary to some 
change in the tubules. If so, why does it affect princi- 
pally the cortex of the kidney and not other areas? 

Dr. Griffith or Dr. Hartroft, do you have any informa- 
tion concerning the metabolic activity of renal tubules 
when exposed to various amino acid and choline con- 
centrations? What, for example, is the oxygen con- 
sumption and what other biochemi¢al changes occur in 
kidney cortex slices under various conditions in vitro? 

It is my understanding that one is unable to produce 
this in other types of experimental animals, only the 
rat is susceptible. Why? 

We do know that the rat seems to differ from 
other animals in regard to certain aspects of protein 
metabolism by the kidney. In some animals we can 
demonstrate that the renal tubules handle protein 
that is filtered by the glomeruli in such a manner that 
it appears as if the tubules are actively metabolizing 
the protein which appears in the ultrafiltrate. The 
process appears to involve tubular reabsorption and 
breakdown of the protein by the tubules into amino 
acids and polypeptides. 

In the rat the amount of protein which appears in 
the urine appears to differ in the female and in the 
male, and we have just heard that the lesion of choline 
deficiency is much more easily produced in the male 
than in the female. Is it possible that these changes 
are in some way related to species differences between 
the rat and other animals and to sex differences, male 
and female, with regard to the amino acid and protein 
metabolism of the renal tubules of these animals? 


Dr. Griffith: The question of the histopathologic 
involvement of the renal cortex I am happy to refer 
to Dr. Hartroft. With regard to the im vitro study 
of metabolic processes in kidney tissue, investigations 
have been rather meager. Dr. Olson is one of the 
few who has measured in vitro respiration of kidney 
slices in choline deficiency although there is a fair 
amount of published work on the turnover of phos- 
pholipids in kidney tissue. 


Dr. Hartroft: The purpose of this symposium is 
to attempt to explain modes of action of lipotropic 
factors in nutrition, rather than to study the end 
results of the deficiency. But a clear knowledge of the 
effects of the deficiency on organs is essential before 
attempting to discover how they were produced. In 
discussing the renal lesion in choline-deficiency, I will 
therefore emphasize its pathology and pathogenesis 
leaving other speculations aside. 


As Dr. Griffith mentioned, nearly 20 years ago he 
and Wade (Proc. Soc. Exper. Biol. & Med. 41: 188, 


- 1939) discovered that weanling rats fed a low-choline 


diet frequently died within six to twelve days from a 
hemorrhagic syndrome involving chiefly the kidneys, 
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but also less often, thymus, lungs, heart, adrenals and 
eyes. Lesions in the last named organs are considered 
by most investigators to be secondary to those in the 
kidney and will not be described here. 


Pathology of the Fully Developed Acute Renal Lesion: 
Grossly, the affected kidneys are large and red. Their 
weights are twice normal, their capsules tense, smooth, 
and shiny and the underlying parenchyma swollen, 
engorged, and hemorrhagic. I emphasize their large 
size and swollen tense capsules, as these features are 
pathogenetically significant. Microscopically, bilateral 
necrosis selectively involves proximal convoluted 
tubules in the cortex. Certainly the consensus of 
those who have studied this lesion (Gyérgy and Gold- 
blatt, J. Exper. Med. 72:1, 1940; Christensen, Arch. 
Path. 34: 633, 1942; Wachstein, Arch. Path. 38: 297, 
1944; and Hartroft, Brit. J. Exper. Path. 29: 483, 1948) 
is that glomeruli are but secondarily involved. But 
Moore (J. Path. and Bact. 74: 171, 1957) was impressed 
by the prominence of glomerular lesions and would 
like to attach more importance to them than had previ- 
ous investigators; he is the only one to have attached 
significance to these glomerular lesions—an important 
point in considering pathogenesis. But Moore’s own 
data indicate that necrosis of proximal tubules always 
occurs, whereas glomerular lesions are more inconstant 
and late. 

Hemorrhage gives the kidney its typical appearance 
and led Dr. Griffith to name the condition ‘‘hemor- 
rhagic kidney.’”’ Microscopically, hemorrhage is largely 
confined to subcapsular zones. Red blood cells else- 
where are usually within distended capillaries, thereby 
representing extreme degrees of stasis rather than 
hemorrhage. Only after tubular necrosis is full-blown 
and intervening capillaries have thereby lost much of 
their support does hemorrhage deeper within the cortex 
develop. The location of tubular necrosis has been 
defined clearly and is important in considering patho- 
genesis. It develops initially at peripheries of renal 
lobules, involving only proximal convoluted segments. 
Later, necrosis in other portions of the renal lobule and 
of other structures (glomeruli and distal convoluted 
segments of tubules) may be observed, but is clearly 
secondary to the initial, precise and selective localiza- 
tion of lesions. Obviously, primary and secondary 
events must be differentiated in these studies. 


In fully developed lesions, stainable fat is not a 
prominent feature in suitably prepared sections. At 
the edges of necrotic foci, a few tubules may be found 
in prenecrotic stages, and in these, stainable fat may 
be seen, the significance of which will become more 
apparent in a consideration of pathogenesis. 


Pathogenesis of the Lesion: The first detectable 
change in the kidney in acute choline deficiency can be 
demonstrated satisfactorily only when rather large 
numbers of rats are killed daily during the course of the 
experiment because of great individual variation 
amongst animals in the speed with which the lesion 
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develops. In a serial experiment, animals killed on 
any particular day may exhibit various stages of the 
lesion, from normal to almost frank tubular necrosis and 
hemorrhage. Therefore, to say, as some authors have, 
that only a few animals may exhibit any particular 
change is readily explained by the fact that different 
stages are being simultaneously observed. 

Our studies indicate the following sequence of events 
in kidneys of choline-deficient weanling rats. In sus- 
ceptible animals, sometime during the first four days, 
stainable droplets of neutral fat appear in the cyto- 
plasm at the bases of the epithelial cells of the proximal 
convoluted cortical tubules at the lobular peripheries. 
The cells simultaneously swell (‘‘cloudy swelling’’), 
expanding both outwards and inwards thereby diminish- 
ing both intertubular spaces and tubular lumena. We 
believe tubular swelling explains the reason for the 
initial enlargement of affected kidneys before vascular 
stasis and hemorrhage are obvious causes, and accounts 
for the shiny, tense capsules seen by naked eye-inspec- 
tion. At this stage the kidneys often are actually 
paler than normal (rather than hemorrhagic) and yel- 
low, presumably due to the tubular fat. 

Following these events, hemostasis in capillaries in 
middle and inner zones of renal lobules with onset of 
tubular necrosis at peripheries rapidly ensues. Hemor- 
rhage from rupture of distended capsular capillaries 
(unsupported by swollen parenchyma on all sides as 
in deeper cortical zones) is responsible for the grossly 
apparent red appearance of the renal surfaces and hence 
Dr. Griffith’s apt term, ‘hemorrhagic kidneys.” 

Studies of intrarenal circulation at all the stages 
described above demonstrate ischemia of capillaries 
at the lobular periphery secondary to their compression 
by swollen, fatty tubules—the TOC-mechanism— 
tubular obstruction of capillaries. Obstruction of 
postglomerular blood flow at these sites readily explains 
stasis and engorgement proximally (in terms of direc- 
tion of flow of blood) in capillaries of midzonal and sub- 
capsular regions and hemorrhage at the latter site. 
Glomeruli are spared temporarily for the same reason 
because their blood flow is not yet appreciably impaired. 
Stainable fat in necrotic tubules is rapidly engulfed 
and removed by tissue and blood macrophages. Tubu- 
lar fat therefore can be demonstrated only in the 
earlier, prenecrotic phase. It is a transient phenom- 
enon for this reason, but nevertheless of fundamental 
pathogenic importance. 

I should like to discuss two hypotheses which have 
been advanced to explain the hemorrhagic renal syn- 
drome. The first, proposed by Dessau and Oleson 
(Proc. Soc. Exper. Biol. & Med. 64: 278, 1947) conceives 
that necrosis is caused by renal vasospasm; the second, 
posed by me later in 1948, suggests that the initiating 
event is that of deposition of stainable fat in proximal 
convoluted tubules with subsequent swelling, and initi- 
ation of TOC-induced tubular ischemia and necrosis. 
Both theories have in common an ischemic mechanism 
for the necrosis, but differ in their explanation of the 
cause of ischemia and its site in the renal vascular tree. 
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The investigations of Trueta et al. (Bristol Med. 
Chir. J. 65:16, 1948) clearly establish the distribution 
of lesions in kidneys subject to renal vascular spasm. 
When spasm develops in renal vessels its site is in inter- 
lobular arteries which arise from arcuate arteries and 
run through the cortex between adjacent renal lobules, 
terminating just beneath the capsule. Spasm here is 
preglomerular in terms of renal blood flow. Unless one 
believes that renal vascular spasm can occur in capil- 
laries, the distribution of lesions in the hemorrhagic 
renal syndrome cannot be explained on the basis of 
vasospasm because, as we have shown, lesions are clearly 
postglomerular in terms of renal blood flow. Second, 
if one accepts an interference in renal blood flow, ob- 
struction must exist far enough along the path of renal 
blood flow to produce extreme stasis, congestion, and 
some hemorrhage in those parts of the vascular tree 
proximal to the site of obstruction. If renal vaso- 
spasm is the explanation, one would have to believe 
that it occurred at the terminal end of the capillary 
network just proximal to its drainage into interlobular 
veins in order to explain the extreme stasis and conges- 
tion proximally. We should like to emphasize that the 
only site of renal vasospasm thus far demonstrated 
occurs in interlobular arteries, and occlusion at this 
site could scarcely explain the extreme congestion and 
stasis distal to it. It is true that if spasm did occur 
in interlobular arterial, there would be a drop in the 
vis a tergo with the result that some stasis in renal 
vessels distal to the obstruction might be expected. 
But it would be merely a passive accumulation of red 
blood cells, producing a mild degree of vascular dis- 
tention, surely never sufficient to distend vessels, even 
weak subcapsular ones, as to rupture them producing 
hemorrhage. 


Experiments by Baxter (Am. J. Path. 24: 503, 
1948) who used large numbers of animals, have clearly 
demonstrated that decapsulation partially protects 
kidneys of young rats against hemorrhagic renal syn- 
drome of choline deficiency. This observation supports 
the TOC theory, and not that of renal vasospasm, but 
it is only logical to assume that ischemia caused by 
increased intrarenal tissue tension would be at least 
partially relieved by decapsulation. In Baxter’s hands 
this fact was conclusively demonstrated. We failed to 
demonstrate it ourselves earlier in a smaller series of 
animals, but the diet employed was so severely hypo- 
lipotropic that it could have overwhelmed any partial 
protection afforded by renal decapsulation. 


If renal vasospasm were the mechanism by which 
cortical necrosis developed, one would scarcely explain 
the immunity of glomeruli and distal convoluted tubules 
in early and intermediate stages in development of the 
lesion because to do so, one would have to presume 
selective sites of spasm in the renal vascular tree which 
would spare both these structures. If one postulated 
spasm at some postglomerular site, it would have to 


involve selectively only those capillaries supplying © 


proximal portions of the nephron, and not those supply- 
ing distal. On the other hand, distal convoluted 
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tubules do not develop stainable droplets of fat within 
their cytoplasm as do proximal, nor do the distal 
become swollen as do the proximal. Distal con- 
voluted tubules occupy central portions of renal 
lobules, and as we have shown, necrosis is most extensive 
at the peripheries of the renal lobules where only 
proximal convoluted tubules are found. Swelling of 
proximal convoluted tubules here, therefore, has a 
more profound ischemic effect on intervening capil- 
laries than in the center of the renal lobule where some 
tubules are distal and escape fatty change and swelling. 
After obstruction of blood flow at the peripheries of the 
renal lobules where blood is drained into interlobular 
veins, stasis and engorgement develop proximally to 
such a degree that glomeruli and distal convoluted 
tubules may eventually and much later exhibit second- 
ary necrotic changes. Moore (J. Path. and Bact. 74: 
171, 1957) has suggested that in terminal stages actual 
thrombosis of interlobular renal arteries may occur 
leading to lobular infarcts. Although we have not 
observed this phenomenon, it is a distinct possibility. 
But even Moore suggests that it would represent only 
a secondary phenomenon following extensive inflam- 
matory reaction that develops in these kidneys with the 
onset of initial necrosis of proximal convoluted tubules. 

As early as 1940, Goldblatt emphasized that any 
theory attempting to explain the pathogenesis of the 
hemorrhagic renal lesion must account for the para- 
doxic recovery and partial healing that spontaneously 
occurs in a small but consistently predictable percent- 
age of the young animals, even without any change in 
dietary regimen. If one subscribes to the hypothesis of 
renal vasospasm, it might be postulated that hyper- 
tonicity of vessels eventually merely passes off and re- 
stores blood flow. But the TOC theory inherently 
provides an explanation which thereby even supports 
the concept. Necrosis, dissolution, and removal of 
cellular debris derived from the ischemic tubules at 
lobular peripheries would automatically relieve the 
pressure from without on the regional capillaries 
thereby permitting restoration of blood flow here and 
recovery in those animals which had not yet suc- 
cumbed to renal failure. Obviously, the timing of 
events here would be so crucial that tubular necrosis 
and dissolution could result in the survival of only a 
small percentage of animals, and in actual fact, only a 
small number do live unless choline is restored to their 
diet. 


Dr. Artom (Nature 171:347, 1953) has shown an 
increase in the rate of fatty-acid oxidation of kidneys 
of young weanling choline-deficient rats a few hours 
after treatment with choline. His finding is funda- 
mental, and may help explain the accumulation of 
tubular fat that we see histologically. We believe that 
his observations, together with ours, strongly suggest 
that in the elucidation of mechanisms or modes of 
action of lipotropic factors in preventing renal hemor- 
rhagic syndrome, attention should be focused in the 
area of fatty-acid oxidation by proximal convoluted 
tubules. We believe that a search by physiologists 
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and biochemists to demonstrate some effect of dietary 
choline on the tone or spasm of renal vessels would 
not be pertinent to the problem since evidence indicat- 
ing a primary role of renal vasospasm in the patho- 
genesis of the hemorrhagic syndrome of choline de- 
ficiency is not convincing. Nor does it explain the dis- 
tribution or sites of lesions encountered. Our mor- 
phologic observations and hypothesis based on TOC 
do not explain the action of choline in protecting wean- 
ling rats against this acute lesion. We believe they 
indicate a pathway for further investigation of the role 
of choline in metabolism of fat by proximal convoluted 
tubules. 


Dr. Olson: Helen Deane and I, at Harvard 
about ten years ago, sought to correlate the changes 
in the cytochemical structure of the kidney of the 
choline-deficient rat with the respiration of its kidney 
tissue in vitro (J. Nutrition 39:31, 1949). At the time 
we did the work, the elegant sucrose flotation tech- 
nic of Hogeboom for the isolation of mitochondria had 
not yet been proposed and we depended upon a histo- 
chemical technic (fixation in formol-calcium, post- 
chromation, and staining with acid hematin) for evalua- 
tion of the integrity of the mitochondria. In these 
studies it was very clear that the changes in the mito- 
chondria (fragmentation and even dissolution) and the 
changes in respiration of corresponding kidney cortex 
slices, which paralleled them (depression of Qo: in 
Krebs-phosphate medium with glucose as substrate 
from 20 to about 9) came late. In other words, the 
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appearance of fat in, and swelling of, the kidney 
tubules, congestion of blood in the peritubular plexuses, 
and stasis beneath the capsule preceded the alteration 
in the structure of the mitochondria and the con- 
comitant decline in respiration of the kidney cortex. 

This was very disappointing to us because it was our 
hope, based largely upon the studies of Patterson and 
McHenry (J. Biol. Chem. 156: 265, 1944) already 
alluded to by Dr. Griffith, that the disintegration of the 
mitochondria, secondary toa hypothetic “choline effect’”’ 
upon phospholipid synthesis in the mitochondria, 
might have preceded the tubular swelling and blood 
stasis in the syrrounding vessels. Instead, we are left 
with ischemia as the probable cause of the mito- 
chondrial disintegration. 


Dr. Griffith (closing remarks): The remaining ques- 
tion is, why is the renal lesion of choline deficiency 
found only in the rat? I think we are dealing here 
with a very unusual circumstance, the combination of a 
great need in a very rapidly growing animal. I am 
intrigued by Chanutin’s concept of chemical maturity 
in the rat, as I mentioned in my paper. There is 
evidence for this, also, in the studies of choline oxidase, 
and I am sure that if one were to make a systematic 
study of the tissue levels of other enzymes during this 
period of very rapid growth in the rat, some light might 
well be thrown on this phenomenon. 

As far as the sex differences are concerned, I have no 
answer other than that there are many illustrations of 


variations in lipid metabolism between the two sexes. 
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Vascular Disease Associated with Choline 


Deficiency in the Rat 


GEORGE F. WILGRAM, M.D., PH.D.* 


fatty liver' and hemorrhagic re- 
nal degeneration? as a consequence of die- 
tary choline deficiency in the rat have been 
known for many years, it was not until 1952 
that Hartroft, Best and their colleagues’ de- 
scribed pathologic changes in the major ar- 
terial trunks (aortas and carotid arteries) and 
in the coronary arteries of rats maintained up to 
216 days on diets low in choline. Somewhat 
later these studies were extended in our labora- 
tory to the investigation of vascular changes 
in acute severe choline deficiency. Following 
this, further work was undertaken to elucidate 
the etiology, pathogenesis, and biochemistry of 
the cardiovascular lesions in choline deficiency.® 

A thorough investigation of this problem 
seemed to be strongly indicated in view of the 
great interest in the role of lipotropic factors 
in nutritional disorders as well as their possible 
significance in the vast complex of cardiovascu- 
lar pathology. 


HISTOPATHOLOGY 


Young choline-deficient rats may develop a 
number of cardiovascular lesions after three 
weeks in acute, or after approximately five 
months in long term, experiments. 

A focal cardionecrosis is found preceded by 
the appearance of stainable lipid within the 
muscle fibers (Fig. 1). Polymorphonuclear 
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leucocytes and later lymphocytes appear at the 
site of lipid-laden muscle fibers. Interstitial 
edema is frequently pronounced. Sometimes 
death of the animals ensues before this inter- 
stitial myocarditis can further develop into 
frank focai necrotic areas. If the animal sur- 
vives, the inflammatory and necrotic debris is 
absorbed and removed, leaving focal fibrotic 
scarred tissue in the myocardium. No defi- 
nite topographic relation between the coronary 
tree and these focal necrotic areas has as yet 
been discerned. 

Stainable lipid mainly in the media of coro- 
nary arteries is noted (Fig. 2). Intra- and ex- 
tracellular lipid also may be observed in the inti- 
ma and the adventitia but the location of main 
accumulation is the media. Sometimes this 
stage of lipid appearance is followed by signs 
of necrosis in the components of the media. 

The same picture as in the coronaries is ob- 
served in the aorta of choline-deficient rats ex- 
cept that medial necrosis is much more pro- 
nounced and much more common. This me- 
dial necrosis is then followed by calcification 
and the aorta is frequently totally rigid, hard- 
ened, and widened with the appearance of a 
bamboo stick (Fig. 3). The intima of the 
aorta is but rarely involved and shows on oc- 
casion only a ‘‘hyaline cap’”’ over areas that are 
necrotic and calcified in the underlying media. 
This hyaline cap is apparently a proliferative 
connective tissue response to the injury of the 
medial structures beneath. 

The elastic elements of the aorta are shriveled 
and broken up. The whole media looks mi- 
croscopically like a condensed calcified bar. 
On occasion this bar-like tissue breaks, leading 
to a picture that has been termed ‘‘collar-but- 
ton fracture’ by Hartroft. The whole syn- 
drome may therefore most favorably be com- 
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pared with Ménckeberg’s sclerosis in human ar- 
teries (Fig. 4). There is no similarity to the 
process of atherosclerosis as encountered in 
man. 


ETIOLOGY AND PATHOGENESIS 


The etiology and pathogenesis of those le- 
sions may be of little practical significance but 
it is a very important theoretic matter. It is 
obvious that a lack of choline initiates these le- 
sions as they are all prevented by the addition 
of sufficient choline to hypolipotropic diets. 
The mechanisms by which these lesions are in- 
duced in choline-deficient rats are still obscure 
despite considerable work and effort put into 
this problem. The main point is whether these 
pathologic changes are due primarily to lack of 
choline or whether they are secondary to renal 
cortical necrosis that is nearly always present 
in choline-deficient animals suffering from 
cardiovascular disease. Bilateral renal hemor- 


WILGRAM 275 


rhagic cortical necrosis is induced by severe 
choline deficiency and it is conceivable that the 
ensuing pre-uremia or uremia is responsible for 
the tissue break-down in the vessels. We favor 
this view of the nature of cardiovascular dis- 
ease, i.e., as being secondary to renal damage in 
choline-deficient rats. Others, however, feel 
that lipotropic factors are primarily involved 
in the integrity of the cardiac tissues of the rat. 
Hartroft favors the opinion that choline is the 
essential dietary component necessary for the 
health of the cardiac muscle while vascular 
changes in the aorta and coronaries may per- 
haps be due to renal injury. He therefore 
thinks that cardiac necrosis on the one hand 
and vascular changes on the other, are due to 
different etiologic factors. This concept has 
some experimental support and seems to be 
very attractive. Kleinerman,® however, sup- 
ports the concept that it is methionine which is 
the component essential for the prevention of 


Fig. 1. (High power, frozen section, Oil Red-O stain.) Fat appears as black droplets throughout the cyto- 


architecture of choline-deficient myocardial fibres. 


The lipid accumulation within the muscle fibres is 


followed by edema and the appearance of polymorphonuclear leucocytes. Later on necrosis and lysis of the 
muscle fibresensues. Fig.2. (High power, frozen section, Oil Red-O stain.) Fat appears as black masses through- 
out the entire vessel wall in this coronary artery of a choline-deficient rat. Note, however, that the site of 


main lipid accumulation is the media. 
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% 
Fig. 3. At autopsy the bamboo stick appearance of 
the aorta in a chronically choline-deficient rat is very 


striking. Note that the aorta is widened and that calci- 
fied rings characterize this state of aortic sclerosis. 


break-down of cardiovascular tissues in the 
rat. Since methionine is one of the biologic 
precursors of choline it is very difficult to ex- 
clude some methionine deficiency in a diet that 
is low in lipotropic factors. Whether cardiac 
and vascular lesions in choline deficiency are, 
therefore, secondarily due to lack of choline or 
are primarily due to a deficiency of choline or 
of methionine, respectively, can, in our opinion, 
only be decided if and when the mode of action 
of choline will finally be elucidated. 
Choline-deficient animals always exhibit 
blood lipid values that are lower than their 
choline-supplemented controls. This holds 
true whether the blood lipids are expressed 
physicochemically as lipoproteins or biochem- 
ically as cholesterol, phospholipids or neutral 
fat.7*- In contrast to the low blood values 
are the levels of liver lipids in choline-deficient 
animals which, of course, are always elevated 
as compared with their choline-supplemented 
controls. In atherosclerotic humans and in 
experimental animals the blood lipid values 
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Fig. 4. (High power, paraffin section, PAS stain.) 
The Ménckeberg type of medial sclerosis, seen at 
autopsy in the left lower photograph is demonstrated 
by a widening of the elastic laminae of the aorta and 
accumulation of cellular debris and connective tissue 
disintegration. The inner part of the aorta is rigidly 
calcified into a bar that is broken. At the site of this 
fracture strongly PAS-positive material is illustrated 
by the darkness of the area surrounding both ends of 
the fractured bar. The epithelium overlying this site 
of necrosis shows signs of cellular proliferation as 
manifestation of the irritation by the underlying injury 
of the aortic media. 


are either elevated or within the normal range, 
but they are only rarely decreased. This dif- 
ference in biochemical pattern also separates 
cardiovascular disease in choline-deficient rats 
from atherosclerotic processes in man. 


CLINICAL APPLICATIONS 


The interest of an audience such as the one 
assembled for this symposium is often focused 
on possible clinical applications. Both lipo- 
tropic phenomena and atherosclerosis com- 
mand great attention these days. We feel 
obliged, however, to come to the conclusion 
that cardiovascular disease as observed in 
choline-deficient rats has no direct clinical 
bearing on the vascular lesions which are en- 
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countered most frequently in North America. 
The reasons are as follows: 

(1) Pathologically, the lesions resemble 
Ménckeberg’s sclerosis and not those of athero- 
sclerosis. The sequelae of Ménckeberg’s scle- 
rosis are not nearly as deleterious to health as 
those of atherosclerosis. 

(2) The biochemical lipid patterns in choline 
deficiency and in atherosclerosis are altered in 
opposite directions. 

(3) A relationship between choline defi- 
ciency and human Moénckeberg’s disease is at 
present not established because patients hav- 
ing Ménckeberg’s vascular sclerosis do not 
seem to suffer from dietary lack of choline here 
in North America. Whether there is an in- 
trinsic defect of choline metabolism in those 
patients remains to be investigated. 

(4) A clinical application of the findings in 
choline-deficient rats to areas where malnutri- 
tion and kwashiorkor are common is perhaps 
possible. But here again the complex prob- 
lem of protein malnutrition is hard to separate 
from an inadequate supply of choline in the 
diet. We have pointed out before that a cho- 
line-deficient diet is frequently border-line de- 
ficient in methionine as well, and therefore, 
choline and protein deficiencies are not easy to 
differentiate. 

(5) So far, no species other than the rat has 
been observed to develop this type of vascular 
disorder in choline deficiency. This would 
lead one to assume that there is a specific rea- 
son for this susceptibility of the rat which does 
not occur in other species. 

To make clinical applications of an experi- 
mental finding requires that several species in- 
cluding man should exhibit similar, or at least 
comparable results. As the vascular lesions 
in choline-deficient rats seem to be confined 
to this one species, it seems reasonable to be 
cautious about making any extensive clinical 
comparisons or applications. 

Recently Williams’ has described cardiac 
necrosis in choline-deficient mice. But here, 
too, as Dr. Williams points out, protein de- 
ficiency may be the etiologic factor because 
even choline-supplemented controls may ex- 


hibit cardiac necrosis on those protein-poor 
diets. 
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THEORETICAL IMPLICATIONS 


Although we feel that we cannot subscribe to 
a direct clinical application of the findings in 
choline deficiency we still believe that this 
type of work is of great importance. Choline is 
certainly of significance in the metabolism of 
fat in the liver and its release into the blood. 
The whole problem of lipid transport is cur- 
rently being reinvestigated in many labora- 
tories and choline seems to play some role in 
these complicated processes. A severe lack 
of dietary choline leads in rats to a breakdown 
of cardiovascular tissues and it would be of 
great importance to know by what mechanisms 
the integrity of the cardiovascular tissue struc- 
ture is maintained. 

While all agree that choline is a dietary essen- 
tial for man as well as for animals it appears 
that normal mixed diets supply adequate 
amounts of choline or its precursors. The 
therapeutic use of extra dietary choline does not 
seem to be warranted on physiologic grounds. 
It is obvious, however, that a broad research 
program on the mode of action of choline will 
continue to make important contributions in 
many scientific fields as it has in the past. 
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DISCUSSION 


Dr. Gerald P. Rodnan (University of Pittsburgh, 
Pittsburgh, Pa.): So impressive have been the findings 
shown to us by Dr. Wilgram that for this reason alone 
I would be tempted to disagree with him about the 
possible clinical significance of these vascular lesions. 
To begin with, they are strikingly similar to those of 
so-called Ménckeberg senile sclerosis of man. Méncke- 
berg sclerosis is most apparent in the medium sized 
arteries, in such muscular arteries as the radial and 
femoral. It has been pointed out that the rat’s aorta 
bears a closer resemblance to our medium sized arteries 
than to our aorta because, like the medium sized 
arteries, the rat aorta does not have vascularization of 
the media. The vasa vasorum penetrate no further 
than the outermost part of the adventitia. 

It is true that in clinical material we do not observe 
the accumulation of lipids shown so beautifully in the 
sudan stains of Dr. Wilgram’s material. Of course, 
we are dealing in the case of the human with a disease 
change which has evolved over a period of decades. 
We know very little about the earliest lesion of Méncke- 
berg’s sclerosis. There is a degeneration of myoelastic 
fibers, but how this comes about we are quite unsure. 

As far as the pathogenesis of these experimental 
lesions is concerned, a number of suggestions have been 
made. In the first communication on the subject, 
it was conjectured that the medial lesion of the aorta 
was secondary to damage oftheintima. Asa matter of 
fact, the title of the original paper was to the effect 
that the authors had produced atheromatous lesions 
in the intima of the vessel (Proc. Soc. Exper. Biol. & 
Med. 81: 384, 1952). 

I agree with Dr. Wilgram that the intimal lesions 
are rather less striking, in the aorta certainly, than are 
the medial lesions. This is not hard to understand 
when one appreciates the fact that the rat aorta has a 
very narrow intima indeed, consisting only of a single 
layer of endothelial cells. 

With regard to renal involvement as a basis for the 
cardiac and aortic findings, the evidence appears far 
from complete. Certain lesions have been seen in the 
myocardium of experimental animals and with renal 
insufficiency the so-called myocytolysis described 
recently by Schlesinger (Am. J. Path. 31: 448, 1955). 
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These lesions, however, are not characteristically 
necrotic in character. There is none of the accumula- 
tion of inflammatory cells which we have seen in the 
slides of Dr. Wilgram’s material. I would rather sub- 
scribe to the idea that these changes may be a result 
of choline deficiency itself. I wonder whether factors 
which protect in experimental choline deficiency, such 
as betaine and vitamin By, would also protect against 
these myocardial lesions, and whether such agents as 
cystine and choline antagonists which can produce 
fatty changes in the liver might enhance these lesions. 

As far as aortic disease in general is concerned, there 
is one other lesion in the media of the rat aorta which 
is of great interest. A form of medial degeneration, 
frequently associated with aneurysm, has been pro- 
duced experimentally in the rat by the administration 
of beta-aminopropionitrile. Given to young animals 
there results a deficiency of intact elastic laminae, 
fibroblastic proliferation, and in later stages a decrease 
in periodic acid-Schiff-positive material (Arch. Path. 
64: 434, 1957). At times thefe is also involvement of 
the cardiac valves. I wonder if Dr. Wilgram has 
noted any alterations in the valves in his experimental 
animals. 


Dr. Hartroft: 1 would make a plea that the term 
cardiovascular not be used too readily, lumping all 
these lesions together. I know we frequently say 
“cardiovascular,” but here, at any rate for a while, 
let us keep the cardiac lesion separate from the vascular 
lesion and not speak about the aortic changes and 
cardiac necrosis as being the same thing until we learn 
more about them. 

I think the evidence is pretty clear that cardiac 
lipoidosis and cardiac necrosis are not secondary to 
renal lesion because the original work which stimulated 
this work of Dr. Wilgram’s and mine was that of 
Stetten, et al. (J. Nutrition 29: 171, 1945) who showed 
that feeding young weanling rats a choline-deficient 
diet containing 40 per cent of ethyl laurate killed them 
in three or four days. They died of myocardial 
necrosis. Stetten, ef al. did not study the early stage 
of the precursor of necrosis, the lipoidosis. We were 
able to confirm them and study this early stage of 
cardiac lipoidosis. Dr. Stetten’s rats did not de- 
velop renal lesions and Dr. Wilgram and I did not ob- 
serve renal lesions in our rats either (Brit. M. J. 2:1, 
1954). 

Secondly, I think we have a counterpart for this 
cardiac lesion in human pathology. In certain types 
of alcoholics, a very flabby necrotic, fatty heart may 
be encountered, mostly in beer drinkers. These lesions 
develop in acute alcoholics who have fatty livers. Per- 
haps the fatty necrotic heart in the rat is a morphologic 
counterpart of that lesion. 

The concept of whether a deficiency of methionine or 
of choline is the important factor in the production 
of the vascular lesion is something which will be resolved 
only by further experimentation. 


Dr. Lathem: Do these animals get hypertension? 
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Dr. Wilgram (closing remarks): In answer to Dr. 
Rodnan’s comments I would like to say that when 
I used the term Ménckeberg’s disease I used it with 
some reservations. I am quite aware that different 
interpretations may be ascribed to those different 
lesions. It is a matter of preference and one man 
likes to describe those experimentally produced lesions 
as cystic medial (Erdheim) necrosis and others prefer 
to call them Ménckeberg’s medical sclerosis. Again I 
would like to point out that I am making these com- 
parisons in terms of the anatomy of the rat realizing 
that there are differences between the anatomy of the 
rat and the anatomy of man. Certain anatomic 
lesions seen in humans just cannot be found in other 
species! Certain features however may be seen in 
both species. On the basis of those common features 
I have chosen, perhaps frivolously, to compare those 
lesions with the Ménckeberg lesion in man. 


Dr. Rodnan: I agree with you that there is a striking 
resemblance pathologically between those lesions and 
Monckeberg’s sclerosis in man. The circling of the 
vessel with calcium and many of the other findings are 
quite identical with what is found in the human mate- 
rial. 


Dr. Wilgram: Coming to the second point, the occur- 
rence of necrosis in the myocardium, I should like to 
say that myocardial necrosis as a consequence of kid- 
ney damage may be observed under a variety of condi- 
tions. Time does not permit my going into detail, but 
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I could give you five different references to kidney 
lesions produced by different experimental means with 
ensuing cardiac lesions, not identical, but similar to the 
ones observed here. 

The third question concerned involvement of cardiac 
valves. I have as yet, not observed lesions in the 
valves. 

The effect of ethyl laurate upon the myocardium of 
the rat mentioned by Dr. Hartroft is a problem which 
should be reinvestigated. It is true that in those 
early days kidney damage was not always observed. 
However, Dr. Hartroft, ethyl laurate is a highly toxic 
substance. One out of five of our controls (Brit. M. J. 
21: 1, 1954) showed cardiac lesions, i.e., the triglyceride 
of lauric acid produced some cardiac necrosis in choline- 
supplemented controls. This is why at the present time 
I am inclined to pay less attention to those early experi- 
ments. 

However, I would like to re-emphasize the fact that 
the whole question of pathogenesis and etiology is wide 
open, and I cannot insist that my view is right. I just 
mention it for the sake of discussion. Maybe I am 
wrong. The future will show. 

Concerning hypertension, I believe Dr. Hartroft 
found some years ago that in the active stage of the 
development of hemorrhagic kidneys hypertension 
develops, but if they stay on a choline-deficient diet 
the hypertension disappears. 


Dr. Hartroft: The rats do not develop hypertension 
during the acute stage, only during the recovery stage. 
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Fatty Liver in Man and the Role of 
Lipotropic Factors 


GEORGE J. GABUZDA, M.D.* 


_ INVESTIGATIONS of the type discussed 
in this symposium undoubtedly have in- 
fluenced the thinking of clinicians regarding the 
pathogenesis and treatment of diseases of the 
liver. Investigations relating nutritional fac- 
tors to the production of hepatic lesions in ani- 
mals!~’ were followed by clinical reports attest- 
ing to the efficacy of nutritious diets in the 
treatment of patients with liver disease.*® The 
factors in the diet that account for its reported 
effectiveness have not been defined. Thus, in 
spite of the great number of animal and in 
vitro experiments that have been done to de- 
lineate better the nutritional factors responsible 
for the functional and histologic integrity of 
the liver,’ there is no conclusive evidence that 
any of these factors are operative in clinical 
situations. These factors are incriminated by 
the analogy of clinical problems to the basic 
animal experimental situations, and not by 
critical data. The evidence from animal ex- 
periments that relates nutritional factors to 
hepatic lesions is by this time so extensive and, 
in some areas at least, so conclusive, that it 
would seem probable that some of these find- 
ings apply to liver disease in man. The paucity 
of conclusive data relating specific nutritional 
factors to liver lesions in man is related in part 
to the difficulties encountered in the design and 
interpretation of clinical studies. These points 
will be further illustrated herein. 
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FAT METABOLISM 


A schematic diagram of the role of the liver 
in the metabolism of fat is shown in Figure 1. 
The liver through its function of bile secretion 
influences the absorption of fat and fat-soluble 
substances from the gastrointestinal tract. The 
liver also plays an important role in the inter- 
mediary metabolism of fat, since it is involved 
in the synthesis, storage, distribution, and oxi- 
dation of lipids in the body. Which of these 
functions predominates depends upon the 
metabolic circumstances existing at any given 
time. Likewise, the quantity of fat contained 
in or passing through the liver in a given time is 
related to such factors as the ingestion of or 
abstinence from food, the kind of food con- 
sumed, hormonal influences, etc. Liver fat 
content might then be increased as a result of 
any alteration that increases the quantity of 
fat presented to the liver, that limits the trans- 
port of fat from the liver, that limits the oxida- 
tion of fat in the liver, or possibly that en- 
hances the synthesis of fat in the liver. 


The following are illustrative: If excess 
calories are consumed, as in obesity, dietary in- 
take of fat is increased and an increased syn- 
thesis of fat from carbohydrate occurs. These 
processes may be reflected by an increased 
liver fat content.!!!2. Contrariwise, with 
caloric deficit, there is an increased mobiliza- 
tion of fat from depots to the liver where it can 
be prepared for oxidation to provide energy for 
tissues. This increased mobilization of depot 
fat, possibly resulting from the action of pitui- 
tary hormones,'*—!” may result in an increased 
liver fat content during the early phases of 
starvation. As starvation proceeds and depot 
fat diminishes until it is essentially unavailable, 
the liver no longer contains excess fat. In- 
creased quantities of fat occur in the livers of 
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patients with diabetes who are not adequately 
controlled.*~-*! In the absence of adequate in- 
sulin, there is an inability to utilize carbohy- 
drate adequately. Fat is mobilized from the 
depots and the synthesis of fat from carbohy- 
drate is diminished. The increased metabo- 
lism of fat in the uncontrolled diabetic is re- 
flected by an increase in liver fat content, the 
fat being on the way to conversion to ketone 
bodies which can then be oxidized in the liver 
or other tissues. With choline deficiency there 


Diet 
Fat and Precursors 


Increased | Decreased 
in obesity | in starvation 


Decreased with 
choline, methionine, 
in obesity : deficiency 
» Oxidation 
Decreased with Increased with 
insulin lack starvation, 
insulin lack 


Synth 


Increased in obesity. Increased with 
Decreased with | | starvation, pituitary, 
choline, methionine, | | adrenal, thyroid hormones, 
protein deficiency | | and insulin lack 


Depot fat 


Fig. 1. The liver in fat metabolism. 


is decreased transport of fat from the liver to 
fat depots and a decreased oxidation of fat in 
the liver.2*?* As consequences, the liver fat 
content is increased in animals under conditions 
of dietary choline deficiency. 

Alterations in any of the mechanisms con- 
cerned with the metabolism of fat may result 
in an increased content of liver fat. Dietary 
deficiencies are not necessary prerequisites for 
this, but it may also result from dietary excesses 
or disturbances in intermediary metabolism. 

Some etiologic factors associated with in- 


* creased fat in the liver are listed in Table I. 


This tabulation indicates that a nuimher o! 
clinical conditions may be associated wii: on 
increased liver fat content in the absence of al- 
coholism. This point is further illustrated by 
the data presented in Table II. These data 
from the report of Thannhauser and Reinstein** 
indicate that liver fat content may be increased 
in patients with various diseases. Although 
marked increases are admittedly most con- 
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TABLE I 
Some Etiologic Factors in Fatty Liver 


A. Nutritional 
Starvation 
Low Protein Diet 
High Fat Diet 
High CHO Diet 
Choline Deficiency 
. Methionine Deficiency 
B. Hormonal-metabolic 

1. Pituitary 


2. Adrenal 

3. Thyroid 

4. Insulin 

5. Sex Hormones 
C. Toxic 


1. Chemical (CCl, CHCl;, P) 
2. Bacterial 
3. Anoxic 
(a) Anemia 
(b) Congestion 
D. Combined factors 
1. Combinations of above 


sistently seen in this country in patients with 
alcoholic liver disease, other patients, e.g., the 
patient with subacute bacterial endocarditis 
and one of the patients with celiac disease 
(Table II), may have quite large quantities of 
fat in the liver in the absence of alcoholism. 


THE LIVER IN ALCOHOLISM 


Many of the etiologic factors listed in Table 
I may be involved in the production of fatty 
liver in the alcoholic. For instance, the alco- 
holic who presents with a fatty liver may have 
undergone a period of starvation. He may have 
been consuming a diet low in protein or a high- 
caloric diet in which most of the calories are 


TABLE II 
Liver Fat in Various Diseases* 
Neutral fat 
g/100 g 
Normal 1.44.0 
Subac. bact. endocarditis (1) 35.1 
Pneumonia (1) 6.7 
Tuberculosis (1) 8.4 
Celiac disease (2) 5.6, 52.0 
Alcoholic cirrhosis (6) 38.2, 38.0, 56.5 
65.5, 52.9, 19.8 


* Modified from Thannhauser, S. J. and Reinstein, 
H., Arch. Path. 33: 646, 1942.24 
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derived from alcohol. He may therefore, have 
been subsisting on rations providing for a 
discrepancy between total caloric intake and 
the intake of protein or other essential nutri- 
ents.% Evidences of specific nutritional de- 
ficiency disease may be exhibited. The alco- 
holic patients may have sustained physical in- 
jury or infection, or as a result of withdrawal 
may be suffering with delerium tremens. 
These associated phenomena may well serve as 
stimuli for activating the pituitary-adrenal 
axis to elaborate hormones which are known to 
influence the content of liver fat. In addition, 
alcohol per se may be a hepatotoxin. 

Upon what then is the etiology of fatty liver 
in the alcoholic based? It is indeed difficult to 
decide. The convincing evidence from animal 
experiments that incriminates deficiency of such 
lipotropic factors as choline and methionine 
and the supporting clinical evidence that many 
alcoholics exist on nutritionally deficient ra- 
tions cannot be ignored. Yet it is not possible 
to state dogmatically that deficiency of one 
factor or another accounts for the development 
of fatty liver in the alcoholic. In fact, alco- 
holics who present with fatty livers do not al- 
ways show clinical evidence of undernutrition 
or specific vitamin deficiency diseases. In- 
deed, some of these patients appear ‘‘well 
nourished,’’ and others are obese. It is possible 
that multiple factors are involved and that the 
specific factors involved vary from individual to 
individual. 

Fatty liver is classically associated with al- 
coholism in this country. Whether justified or 
not, the clinician is prone to consider fatty liver 
in the alcoholic as the pathologic lesion of pri- 
mary concern, and in the nonalcoholic patient 
to pay little attention to it Patients with 
metabolic, gastrointestinal, infectious, neo- 
plastic diseases, etc., may have fatty livers in 
the absence of alcoholism. In these situations 
a fatty liver is considered a secondary and in- 
cidental finding apparently of little conse- 
quence. It is presumed that with adequate 


treatment of the primary disease process, with- 
out particular emphasis on the treatment of the 
associated liver lesions, these will reverse; ap- 
parently they do. On the other hand, in the 
case of fatty liver associated with alcoholism, 
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the clinician’s primary concern is directed to- 
ward the increased liver fat content. The 
possible association of fatty liver to the subse- 
quent development in alcoholic patients of 
hepatic fibrosis with all the stigmata and conse- 
quences of chronic hepatic disease may ac- 
count for this, although the relation between 
fat and subsequent fibrosis is still the subject of 
debate.**—* 


CLINICAL FEATURES 


In any event, the significance of increased 
liver fat content is difficult to assess with regard 
to both its immediate and long-term conse- 
quences. Patients, whether they be alcoholic 
or not, may have fatty livers and present no 
symptoms or signs relating to the liver. In 
these instances the diagnosis can be made only 
by biopsy of the liver. This is exemplified by 
the high incidence of fatty liver found by biopsy 
in alcoholic patients hospitalized with delerium 
tremens,*! many of whom do not have clinical 
evidence of hepatic disease. Other patients 
who enter the hospital with fatty livers, with 
or without overt clinical evidences of liver 
disease, may die suddenly and unexpectedly. 
In these cases the liver is usually loaded with 
fat, and this may be the predominant finding at 
necropsy. The exact cause of death in these 
instances is not usually known. In other pa- 
tients hepatomegaly may be the only clinical 
sign suggesting the presence of fatty liver. Be- 
tween these extremes are alcoholic patients who 
enter the hospital with varying degrees of 
clinical and laboratory evidence of liver dis- 
ease. The patients are likely to display tender 
hepatomegaly and jaundice; however, ascites, 
edema, spider angiomata, and splenomegaly 
are not common findings. There is almost al- 
ways increased bromosulphalein retention, and 
frequently hyperbilirubinemia and an increased 
excretion of urobilinogen in the urine. Serum 
albumin and globulin concentrations, pro- 
thrombin time, thymol turbidity, cephalin 
flocculation, and alkaline phosphatase are less 
frequently abnormal, but any or all of these 
tests of liver functions may deviate from the 
normal. 


These patients have a strong tendency to be- 
come well following hospitalization, alcohol 
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withdrawal, and the provision of even modest 
quantities of food.*?-** Subjective improve- 
ment in appetite and decrease in liver tender- 
ness may be apparent during the first few days 
in the hospital; abnormal tests of liver func- 
tion may revert to normal in a week or two, and 
liver fat content may become normal in four 
to six weeks. Although most of these patients 
undergo favorable courses as outlined, liver fat 
persists in some in whom it is associated with 
evidence of cellular necrosis, fibrosis, and in- 
creasing evidence of liver damage. This may 
end in several weeks with death due to liver 
failure, or undergo a process of repair and re- 
generation. Evidence of liver dysfunction may 
persist and in the future result in hepatic failure. 

The clinical pictures associated with fatty 
liver lesions are obviously quite varied. The 
reasons for this variation are not apparent. 
There is not always a close correlation between 
the degree of involvement of the liver with fat 
and the clinical findings which the patient 
presents. There is need for more adequate 
information concerning the significance of 
abnormal quantities of fat in the liver. The 
extent and duration of fatty involvement of 
the liver may be determining factors, but this is 
not established. Perhaps the consequences de- 
pend upon such factors as the mechanism 
whereby liver fat content is altered, the rate at 
which fat accumulates or fails to be mobilized, 
the source or the type of fat concerned, in ad- 
dition to its morphologic distribution. These 
possibilities are deserving of more attention. 
For instance, it may be that certain biochemi- 
cal situations produce fatty livers which are 
easily reversible, while others are associated 
with less favorable outcomes. 

LIVER FUNCTION 

What influence large quantities of fat within 
a liver cell have upon the functional ability of 
that cell is another question that remains un- 
answered. As noted above, liver cells may be 
greatly distended with fat and yet reveal no 
evidence of malfunction as judged by the usual 
clinical and laboratory tests which are ad- 
mittedly gross. That distention of the liver 
with fat may interfere with function on a 
mechanical basis must also be considered.5 
Liver tenderness may be a manifestation of 
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capsular distention. Bromsulfalein retention 
and hyperbilirubinemia may be more re- 
flections of circulatory deficiency than ab- 
normalities in cell function. In addition, it is 
difficult both clinically and by tests of liver 
functions to distinguish alterations that occur 
secondary to increases in fat content from those 
resulting from necrosis of liver cells, since 
necrosis in varying degree frequently ac- 
companies the presence of fat, although the 
exact relation between these two processes is 
not clear. 

It is apparent that the problem of investigat- 
ing fatty liver in manis not aneasy one. First, 
multiple factors may be involved in its causa- 
tion. Second, in contrast to controlled ex- 
perimentation with laboratory animals, the 
clinical investigator of necessity begins with a 
liver lesion which is in existence, which de- 
veloped under uncontrolled circumstances, and 
about whose background relatively little is 
known or can be ascertained. For instance, 
historical facts such as whether a patient drank 
alcohol excessively while consuming an inade- 
quate diet up to the time of coming to the hos- 
pital, or ceased drinking and began to eat prior 
to hospitalization may influence the clinical 
picture, as well as the ultimate course. It is 
possible that any dietary deficiency which 
might have existed may have been partially 
corrected by the consumption of food or a 
change in the pattern of alcohol and food in- 
takes prior to hospitalization. Although such 
historical features are undoubtedly important, 
they are not easily established. 

Several approaches have been applied to the 
study of fatty liver in man. Some recent 
clinical investigations have been selected for 
presentation to exemplify some of these ex- 
perimental approaches. 


CLINICAL INVESTIGATIONS 


Radioactive phosphorus has been used to de- 
termine the rate of turnover of phospholipid in 
normal subjects and in patients with liver 
disease.*”—44 The demonstration of an in- 
creased phospholipid turnover after choline 
administration to patients with fatty livers 
would provide evidence for choline deficiency 
in these patients. Significant increases in 
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Fig. 2. Clinical course of patient J. R. The biopsies are shown in Figure 3. 
(From: Chalmers, T. C. and Davidson, C.S.: New England J. Med. 240: 449, 
1949. Reproduced with the permission of the authors and publishers. ) 


phospholipid synthesis were noted after choline 
was given orally to some patients with hepatic 
cirrhosis. The most marked increases were 
noted in patients with fatty infiltration of the 
liver. However, some of these patients demon- 
strated an increased rate of phospholipid turn- 
over after choline, but did not demonstrate de- 


moderate fatty metamorphosis and cellular infiltration. 
three weeks of the nutritious diet shows essentially normal liver. 


creases in liver fat content as observed in 
hepatic tissue obtained by biopsy. An addi- 
tional patient with constructive pericarditis, a 
situation not obviously related to choline de- 
ficiency, also demonstrated an increased phos- 
pholipid turnover after choline administration. 
The apparent discrepancies detract from the 


4s 


Fig. 3. Patient J. R. Liver biopsy on left done shortly after hospital admission shows 


The biopsy on right after about 
(From: Chalmers, T. C. 


and Davidson, C. S.: New England J. Med. 240: 449, 1949. Reproduced with the permission 


of the authors and publishers. ) 
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conclusiveness of these data, but should not 
discourage further investigations utilizing this 
experimental approach. 

Other studies deal with the metabolism of 
orally administered choline in normal indi- 
viduals and in patients with liver disease.*—“ 
About two-thirds of choline administered orally 
to normal adult man is recovered in the urine 
as trimethylamines which are formed from 
choline in the gastrointestinal tract by the 
action of micro-organisms. Under similar con- 
ditions, patients with liver disease excreted less 
trimethylamine in the urine than the normal 
subjects, and the excretion was somewhat de- 
layed. This difference suggests that patients 
with liver disease absorb and retain greater 
amounts of orally administered choline than 
normal subjects. A choline deficiency in pa- 
tients with liver disease is implied, but here 
again the evidence is indirect and inconclusive. 
Other interpretations of these findings are also 
feasible. For instance, the gastrointestinal 
flora may differ in patients with liver disease 
compared to normal subjects, or the presence 
of liver disease per se may influence the way in 
which choline is metabolized. 

Methionine metabolism in patients with 
liver disease has been the subject of several in- 
investigations.“—** In some patients these 
studies demonstrated increased plasma methio- 
nine levels, increased urinary excretions of this 
amino acid, and a limited ability to remove in- 
travenously administered methionine from the 
blood. Although these findings indicate ab- 
normalities in the metabolism of methionine, 
they provide no evidence for methionine de- 
ficiency. If alterations in the intermediary 
metabolism of methionine are related to the 
production of fatty liver, the relationship is not 
clear on the basis of available data. 

Based on the hypothesis that a nutritious 
diet is of therapeutic value for patients with 
fatty liver lesions, other recent investigations 
have been directed toward determining the 
factor(s) contained in or accompanying the ad- 
ministration of the diet that accounts for its 
beneficial effect. Some of these are presented 
here briefly. 

The therapeutic efficacy of a nutritious diet 
in the absence of dietary supplements, the 
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clinical course, and the reversibility of a fatty 
liver lesion is demonstrated by patient J. R. 
(Fig. 2).°* This 35-year-old longshoreman was 
a typical “‘spree”’ drinker who consumed large 
quantities of alcohol and ingested very little 
food during a period of several weeks prior to 
hospitalization. He was severely jaundiced, 
and had an enlarged and tender liver. Upon 
hospitalization he voluntarily consumed 4,000 
to 6,500 calories daily including 200 to 250 g 
of protein. He gained 15 kg body weight. 
The serum bilirubin concentration returned 
promptly toward and then to normal. Liver 
size decreased and tenderness promptly sub- 
sided. After three weeks in the hospital this 
patient had no clinical or laboratory stigmata of 
liver disease. A liver biopsy done several days 
after admittance to the hospital showed a 
moderate fatty change and cellular infiltration. 
The histologic appearance of a second biopsy 
obtained after about 3!/2 weeks of hospitaliza- 
tion during which the patient ate well, rested, 
and abstained from alcohol was essentially 
normal (Fig. 3). 

Improvement in other patients with liver 
disease has been observed following the insti- 
tution of a quite different dietary regimen.®* 
Four patients with ‘active cirrhosis” were pro- 
vided with a diet essentially devoid of protein 
but providing adequate calories. The sole 
source of nitrogen was provided by the intra- 
venous infusion of a protein hydrolysate daily 
for two to four weeks. The basal diet con- 
tained 30 to 100 mg of choline, and the infused 
amino acids contained 2 to 4 g of methionine, 
depending upon the total quantity of amino 
acids given. A multiple vitamin capsule was 
also given to each patient daily. The four pa- 
tients studied improved as evidenced by de- 
creases in serum bilirubin concentration and 
urine bile, and decrease in liver size in two of 
the patients. The findings in one of these pa- 
tients (W. C.) are presented in Fig. 4. Liver 
biopsies were obtained from this patient prior 
to the study and again after 20 days. Im- 
provement in the histologic appearance of the 
liver was apparent in the second biopsy speci- 
men. One of the patients in whom improvement 
occurred received insufficient amino acids to 
maintain a positive balance of nitrogen during 
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a two-week period. This latter observation 
suggested that improvement in liver function 
in man might occur even if nitrogen balance is 
not maintained. It suggested the feasibility of 
studies in which the intake of protein (and lipo- 
tropic substances) might be limited. This 
would allow for a better definition of the mini- 
mal therapeutic regimen required in patients 
with fatty livers, and possibly permit for a 
critical evaluation of specific agents of potential 
therapeutic value. 
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tion the patient consumed a calorically ade- 
quate but protein-free diet; there was a nega- 
tive nitrogen balance, but most laboratory 
tests of liver functions showed considerable im- 
provement. The serum bilirubin decreased 
from 9.5 mg to about 2 mg/100 ml, thymol 
turbidity decreased, urinary urobilinogen and 
bile decreased to normal. Clinically, the edge 
of the liver decreased from 9 cm to 4 cm below 
the right costal margin, hepatic tenderness 
subsided in a few days, and the patient felt 
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Fig. 4. Improvement of active liver cirrhosis in a patient maintained with 


of protein and lipotropic substances. 


(From: Eckhardt, R. D., Faloon, W. W., and Davidson, C. S.: J. Clin. In- 
vestigation 28: 603, 1949. Reproduced with permission of the authors and 


publishers. ) 


Accordingly, three alcoholic patients with 
fatty cirrhosis of the liver were studied under 
conditions of protein starvation followed by 
protein feeding.** Serial observations were 
made on the clinical course, laboratory tests of 
liver functions, histologic study, and nitrogen 
balance. The basal control diets consisted of 
fat and carbohydrate (2,700 to 3,000 calories 
daily), a multiple vitamin capsule daily, and 
were essentially devoid of protein. The plan of 
study and the data on one of the patients (M. 
P.) are shown in Fig. 5. 

During the initial 11-day period of observa- 


well, demonstrated increased mental and 
physical activity, and experienced increasing 
improvement in appetite. With the subsequent 
provision of a nutritious diet, including adequate 
protein, a positive nitrogen balance occurred, 
but further alterations in the tests of liver func- 
tion were minor compared to those seen during 
the initial period of protein deprivation. In 
fact, the patient’s course during the period of 
protein deprivation was so favorable that a 
beneficial influence of lipotropic substances 
would have been difficult to detect had they 
been given. The improvement noted both 
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clinically and by laboratory tests was not, how- 
ever, reflected in the histologic appearance of 
the liver (Fig. 6). The liver biopsy obtained 
initially contained a large amount of fat which 
was not significantly altered after 10 days of the 
protein-free diet. Liver fat did decrease after 
19 days of the nutritious diet. A discrepancy 
between the clinical and laboratory criteria of 
improvement and the histologic appearance 
of the liver is apparent. The restoration of the 
histologic appearance toward normal depended 
upon the provision of a nutritious diet contain- 
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ported by these workers** are of interest. 
Special staining technics were employed to es- 
timate the protein (pentose nucleic acid) and 
glycogen contents of the liver specimens ob- 
tained by serial biopsy during the periods of 
protein starvation and of proteinfeeding. Find- 
ings were similar for the three patients studied. 
Protein content was low initially, decreased 
further during periods of protein starvation, 
and increased progressively following the in- 
gestion of the well-balanced nutritious diets 
(Fig. 7). Initially, a moderate quantity of 
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Fig. 5. Clinical course, nitrogen balance, and laboratory tests of liver 
function in a patient during a period of protein starvation followed by pro- 


tein feeding. 


(From: Eckhardt, R. D. et al.: J. Clin. Investigation 29: 227, 


1950. Reproduced with the permission of the authors and publishers. ) 


ing protein, while improvement as judged by 
clinical and laboratory criteria occurred even 
when protein was not fed. The study of this 
patient, and of two additional similar patients 
included in this report of Eckhardt and co- 
workers, ** points up the necessity for adequate 
control observations and for evaluating pa- 
tients by liver biopsy, as well as by clinical cri- 
teria in studies designed to test the therapeutic 
value of specific agents in patients with fatty 
livers. 

Several additional morphologic findings re- 


glycogen was present. This increased during 
the administration of the protein-deficient but 
calorically adequate diet. Although these data 
are not quantitative, and cannot be interpreted 
too strictly, several points are worthy of men- 
tion. For example, the depletion of liver cell 
protein noted while patients consumed rations 
grossly inadequate in protein did not result 
in further deterioration in the patients’ clinical 
status or laboratory tests of liver functions. 
This finding also suggests that under the condi- 
tion of this study mobilization of protein from 
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Fig. 6. The liver fat is seen as non-staining vacuoles in the cell cytoplasm. The liver 
of M. P. initially contained large amounts of fat. This remained unchanged after the 
protein-free diet was given for ten days (Biopsy No. 3), and decreased moderately after 
the nutritious diet was provided for 19 days (Biopsy No. 5). X30. (From: Eckhardt, 
R. D. et al.: J. Clin. Investigation 29: 227, 1950. Reproduced with the permission of 
the authors and publishers. ) 


Fig. 7. Pentose nucleic acid appears as dark-staining granules in the cytoplasm of the liver 
cells. These granules in the initial liver biopsy of J. S. were clustered in moderate amounts 
in some cells, but were deficient in others (Biopsy No. 1). After receiving the diet deficient 
in protein for seven days, pentose nucleic acid was depleted in all cells (Biopsy No. 2). After 
six days of increased protein feeding, there was a return of the granules which were uniformly 
distributed throughout the cell cytoplasm (Biopsy No. 3). 160. (From: Eckhardt, R. D. 
et al.: J. Clin. Investigation 29: 227, 1950. Reproduced with the permission of the authors 
and publishers. ) 
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other tissues to the liver could not be depended 
upon for repletion of liver cell protein, nor could 
the improvement noted be accounted for on the 
basis of this mechanism. The increased quan- 
tities of fat and decreasing quantities of protein 
in the liver during the short period of protein 
starvation did not prevent the storage of gly- 
cogen. 

Subsequent studies were planned to outline 
further the role of diet in the treatment of 
patients with fatty liver disease.** The condi- 
tions of dietary control for these patients were 
still more rigid than for those cited above. 
Three alcoholic patients with fatty livers were 
observed initially for 8 to 10 days during 


Fig. 8. The biopsies are in chronologic sequence from left to right. 


days of the adequate diet. 


Hematoxylin and eosin X50. 
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These studies® made several contributions. 
Minimal conditions were attained under which 
patients with fatty liver associated with alco- 
holism would not demonstrate clinical im- 
provement or improvement in liver histology. 
The therapeutic efficacy of an adequate diet 
was again obviously apparent. The fact that 
the patients studied did mot improve while in- 
gesting the purified diet, although they had 
coincidentally been hospitalized and with- 
drawn from alcohol, suggested that dietary fac- 
tors were of primary importance to the improve- 
ment noted, and that rest in the hospital and 
alcohol withdrawal could be relegated to roles 
of minor significance. 


The first biopsy was per- 
formed on admission, the second after ten days of the purified diet, and the third after eight 


(From: Phillips, G. B., Gabuzda, 


G. J., and Davidson, C. S.: J. Clin. Investigation 31: 351, 1952. Reproduced with the per- 


mission of the authors and publishers. ) 


which they ingested purified diets consisting 
of glucose solution (1,600 cal) containing 
minerals, and vitamin supplements. These 
patients were then given adequate diets (2,000 
to 2,500 cal, 80 to 100 g protein, 200 to 250 
g carbohydrate, about 110 g fat daily) for 8 to 
14 days, and the two regimens were compared. 
During the administration of the purified diet 
the patients showed no evidence of improve- 
ment either clinically, in liver function tests, or 
in liver fat content as estimated by examina- 
tion of liver tissue obtained by needle biopsy. 
The provision of the adequate diet was con- 
sistently accompanied by improvement in 
hepatic function and decreases in liver fat con- 
tent (Fig. 8). 


The failure of these patients to improve while 
ingesting the purified diet offered the oppor- 
tunity to evaluate critically agents of potential 
therapeutic value. The demonstration that 
patients with fatty livers would not improve 
clinically nor show a decreased liver fat content 
until choline was added to the ‘purified diet” 
regimen would provide strong evidence that 
choline was therapeutic, that it may be a factor 
contained in the nutritious diets that accounts 
for their beneficial effects, and that it may, by 
implication, be involved in the pathogenesis of 
this type of liver disease in man. Accordingly, 
five patients with fatty cirrhosis were studied 
initially while they subsisted on the purified 
diet to which choline was added, and then while 
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Figure 9B. 


they ingested diets containing 50 g of protein 
and 1,600 cal (isocaloric to the purified diet). 
The results of these studies are illustrated by 
the following brief presentations. 

One patient, J. M. (Fig. 9, A and B) was 
given the purified diet and 6.5 g of choline di- 
hydrogen citrate orally daily for ten days. 
During this initial period of observation the 
serum bilirubin concentration, the brom- 


after 10 days of the 1,600 calorie-50 g protein diet. 


Fig. 9A. Clinical course of patient (J. M.). 


: 


Fig. 9B. The biopsies (J. M.) are in sequence from left to right. 


The biopsies are shown in 


sulphalein retention, the excretion of uro- 
bilinogen in the urine, and liver size decreased. 
Improvement by these criteria continued dur- 
ing the 10-day period on the well-balanced diet. 
Serial liver biopsies revealed initially a marked 
degree of fatty change, a ‘‘definite but not 
marked”’ decrease in liver fat after 10 days of 
the purified diet with choline, and a further de- 
crease in liver fat content after 10 days of the 


The first biopsy was 
done on admission; the second, after 10 days of the purified diet and choline; and the third, 


(From: Phillips, G. B. and Davidson, 


C.S.: Ann. New York Acad. Sc. 57: 812, 1954. Reproduced with the permission of the 


authors and publishers. ) 
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well-balanced diet (Fig. 9). This study might 
be interpreted as demonstrating a favorable 
effect of orally administered choline. 

All the patients studied, however, did not 
demonstrate similar results. For example, 
another patient, C. W., similarly studied (Fig. 
10) did not improve until a diet providing 50 g 
of protein daily was instituted. Of the five pa- 
tients so studied, two demonstrated responses 
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provide additional evidence that a dietary fac- 
tor(s) is responsible for improvement of fatty 
liver disease in man, and suggest that calorie 
intake per se is not critical. The favorable re- 
sponse of the patients reported by Phillips and 
Davidson* to the relatively meager rations em- 
ployed in their investigations indicate that ex- 
cessive intakes of food are not prerequisite for 
improvement (Fig. 1). 
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Fig. 10. Clinical course of a man with fatty liver given a purified diet sup- 
plemented with choline followed by an isocaloric well-balanced diet, and then 


a normal diet. 


(From: Phillips, G. B. and Davidson, C. S.: Ann. New York 


Acad. Sc. 57: 812, 1954. Reproduced with the permission of the authors and 


publishers. ) 


to choline which might be interpreted as 
favorable, and three had no convincing bene- 
ficial effect from the administration of this 
agent. Improvement did occur in these three 
patients following the administration of the 50 
g protein, 1,600 cal diet. The reasons for the 
different responses noted in these patients are 
not known. These results do not necessarily 
mean that choline is not concerned in the 
pathogenesis of fatty liver in man; but neither 
do they conclusively incriminate it. They do 


CONCLUSIONS 


Nutritional factors may well be implicated in 
the pathogenesis and treatment of fatty cirrho- 
sis of the liver associated with alcoholism. The 
clinical studies presented above that con- 
sistently demonstrate the therapeutic value of 
well-balanced diets further attest to this hy- 
pothesis. The problem of investigating the 
possible role of specific dietary factors, e.g., 
choline, methionine, etc., in the pathogenesis 
and therapy of fatty liver disease in man is a 
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difficult one. Although several encouraging 
experimental approaches have been employed, 
and have yielded information of value, to date 
they have failed to provide convincing evidence 
that lipotropic agents are involved in the 
pathogenesis or therapy of liver disease in man. 
Until evidence is presented to the contrary, 
patients with fatty liver receive optimal nutri- 
tional therapy if they are given adequate quan- 
tities of protein and other nutrients in well- 
balanced diets. 
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DISCUSSION 


Dr. Labecki: I am glad that Dr. Gabuzda stressed 
the multiplicity of factors which may be responsible 
for the fatty infiltration of the liver in the alcoholic, 
and the fact that the deficiency of possibly more than 
one substance or group of substances may play a role 
in the etiology of the disease. 

I profess to be a cardiologist. However, Dr. Busby 
and I got interested in the problem of fatty liver in 
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Fig. 1A. N. I., white male, age 44. Drinking 25 years, often one-fifth per day. Liver hard, nodular on 
palpitation; enlarged 7 cm BSP 4% (45 min); thymol turbidity 1.7 Maclagan units; cephalin flocculation 1+. 
(Abundant glycogen.) (150) Fig. 1B. N. L., four weeks on Regimen A including placebo. BSP 4% (45 
min). (Decreased amount of glycogen.) (160) 


alcoholics for two reasons (1) a long-term interest in 
fat metabolism; (2) the fact that the State of Missis- 
sippi is a ‘‘dry” state and hence has excellent material 
for the study of alcoholism. I do not say that entirely 
in the spirit of levity, because I feel that a dry state 
offers an inducement to drink by the bottle rather than 
at the bar. 

The thing which impressed me was that our alcoholic 
patients differed considerably from the type of alco- 
holics I encountered in Chicago and Los Angeles: a 
typical alcoholic in our state is not a derelict. He 
usually comes to the Alcoholic Ward of our State Hos- 
pital well nourished, or at least it appears so. 

I would like to present to you some of the findings 
of a study of the role of lipotropic factors in the treat- 
ment of alcoholic fatty liver which we have exhibited 
before the American Medical Association (Atlantic 
City, June 6-10, 1955). 

This 44-year-old male had been drinking whiskey 
for 25 years, often a fifth daily (I must admit that 
we have had alcoholics in better standing in our series, 
that is, the daily consumption of alcohol was even 
greater than in this particular case). These patients 


came in voluntarily, and as long as they were willing to 
cooperate they received the benefit of any ‘‘treatment”’ 
we chose to administer; they could sign out at any time. 
We started with 54 patients, but only 30 elected to carry 
through the experiments for a sufficiently long period of 
time. This particular gentleman whose liver biopsy 
is shown in Figure 1A, was first put on so-called 
Regimen A which consisted of a conventional high- 
protein diet supplemented by cooked egg white (12 
per day), skim milk, and cottage cheese ad lib., thera- 
peutic multiple vitamin preparation and placebo 
(lactose capsules). The protein content of the daily 
diet in some cases reached as high as 150 g of protein 
daily and the consumption of the diet was supervised 
and insisted upon by ward attendants. Figure 1B 
shows definite improvement in the degree of fatty 
infiltration but still one can easily detect the presence 
of vacuoles. The duration of Regimen A in this case 
was four weeks. 

The liver biopsy specimen (Fig. 1C) shows the results 
of five weeks of so-called Regimen B which consisted 
of a moderate calorie diet (up to 2,300 calories per day) 
containing only a modest amount of protein, not over 
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40 g/day, but supplemented by relatively high intake 
of lipotropic factors administered in many cases 
parenterally (in addition to oral medication consisting 
of 9 capsules daily of Methiscol® which provided 1.0 
g of pi-methionine, 2.5 g of choline dihydrogen citrate 
[0.87 g. of choline], 0.75 g of inositol, 18 wg of vitamin 
By and 0.78 g of desiccated liver concentrate). The 
disappearance of fatty infiltration from liver paren- 
chyma is obvious. 

The next case is that of a chap 41 years of age. This 
gentleman had been drinking whiskey for 20 years 
and according to the members of his immediate family, 


oral and parenteral). 
glycogen.) (175X) 


BSP 0% (30 min). (Abundant 


on a good week end he could consume up to a gallon of 
hard liquor in a 24-hour period. His case was obvi- 
ously exceptional from the amount of alcohol consumed, 
which fact amply reflects itself in the appearance of his 
liver parenchyma (Fig. 2A). In his case, as in several 
other cases, we did not dare to administer high-protein 
diet because of the possibility of precipitating hepatic 
coma, but instead administered lipotropic therapy for 
eight weeks. After two months his liver shrank and 
became so hard that it was impossible to obtain 
biopsy with the Vim-Silverman needle and the specimen 
had to be obtained through peritoneoscope. 

Fig. 2B shows the appearance of the liver at that time. 
There is complete disappearance of fatty infiltration. 
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An argument may be advanced that the complete 
relief of fatty infiltration following intensive lipotropic 
therapy is the carry-over effect from the high-protein, 
high-vitamin regimen. However, we have treated 
patients with a high-protein, high-vitamin therapy for 
periods up to 22 months without resolution of the fatty 
infiltration upon institution of lipotropic therapy, the 
fat disappeared from the liver in less than two months. 

When we started our study in 1952, the high-protein 
diet still enjoyed the popularity and was indeed the 
treatment of choice. Doctors Davidson, Gabuzda, 
and collaborators (Phillips, Schwartz, Gabuzda, and 
Davidson, New Eng. J. Med. 247: 239, 1952) brought 
to our attention the inherent danger of high-protein 
diet. 

We have treated patients with advanced Laennec’s 
cirrhosis with the high-protein diet (Regimen A) and 
have precipitated fatal hepatic coma resistant to all 
therapy. On the basis of these data we believe that the 
dietary treatment of choice for alcoholic fatty liver is 
a moderate protein diet supplemented with lipotropic 
factors. 


Dr. L. Freedman (U. S. Vitamin Corporation, New 
York): This discussion of the problem the physician 
has to contend with in the treatment of liver disease 
recalls to mind a visit I made to the government 
hospital in Haifa (Israel) in 1950. At that time there 
was an extremely high incidence of liver disease associ- 
ated with starvation. Nutritional jaundice was prev- 
alent in these patients. They had large livers, and 
they were extremely sick. The dietary problem was 
acute. There was no possible way of treating these 
patients with high-protein diet; there was just not 
enough food to go around. The hospital beds were 
filled with these patients coming in, most of them 
immigrants from Saudi Arabia, Morocco, and other 
countries. The average time of the patient in bed was 
six weeks and sometimes a great deallonger. They did 
not do liver biopsies since they had no means of doing 
that. I brought in the only Vim-Silverman needles 
that they had in the entire city of Haifa. 

I had sent them several thousand capsules of a prep- 
aration comprising a mixture of lipotropic products. 
They used these to treat the patients, and ‘“‘miracu- 
lously”’ they were able to get the patients out of bed in 
about three weeks, still without any high-protein or 
high-caloric intake of food. As a matter of fact, these 
patients were too sick to eat. While this is not a scien- 
tific account of the pathogenesis of liver disease and 
the prognosis with a given treatment, it is a factual 
incident in the treatment of human patients who were 
extremely sick and among whom there was a very high 
incidence for morbidity and relatively high mortality 
prior to lipotropic treatment. 


Dr. Wilgram: Dr. Gabuzda, I have two tech- 
nical questions. One, did you say cirrhosis is more 
prevalent in alcoholic patients who are well nourished 
than in those who are badly nourished? 
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Fig. 2A. S. H., white male, age 41; drinking for 20 years (consumed up to a gallon per 24 hours for past 8 
years). Liver hard and smooth on palpation but nodular on peritoneoscopic examination. Liver enlarged 
about 9cm. BSP 22% (45 min); thymol turbidity 1.9 Maclagan units; cephalin flocculation4d+. (175%) Fig. 2B. 
S. H., eight weeks of intensive lipotropic therapy (Methischol®). BSP 14% (45 min). Improvement of liver 
on palpation. (175X) 


The other, you mentioned glycogen synthesis seems 
to be at the normal rate in patients on protein-poor 
diets. I was wondering how this agrees with the older 
statements that glycogen synthesis is one of the first 
liver functions to be affected in patients on protein-poor 
diets and with certain other diseases. 


Dr. Sheffner: Would Dr. Gabuzda comment on the 
difference in response between patients receiving the 
glucose diet and those receiving glucose plus fat, 
especially since the clinical improvement on the latter 
diet occurred in the absence of morphologic improve- 
ment. 


Dr. Gabuzda (closing remarks): I suspect Dr. 
Labecki and I are talking about two more or less 
different types of patients. His patients are patients 
who have been drinking steadily over quite long periods 
of time and have, coexistent with increased fat content, 
hepatic fibrosis. The fat is admittedly more difficult 
to remove from the livers of these individuals than in 
the case of the spree drinker type I had mentioned 
whose lesions are usually reversible. We were interested 


in dealing with the reversible lesions in attempting to 
determine whether or not a therapeutic effect could 
be accomplished in a period of time reasonable enough 
to assure that a possible deficiency of lipotropic agents 
might be corrected. 

I wonder if Dr. Labecki in his studies followed any 
patients on a “‘low-protein regimen’’ without supple- 
mentary lipotropic substances as an additional control 
group. 

Many of our patients are well nourished. Some of 
them are obese. They may appear healthy except for 
the clinical and laboratory evidence of liver disease. 

The reports of the treatment of liver disease in Haifa 
are interesting. The only clinical situation in which 
there is any rationale for the use of lipotropics is in the 
treatment of fatty liver disease. It may well be that 
in these situations in which patients are not able to 
eat even meager rations, lipotropics may be advan- 
tageous. On the other hand, we have demonstrated 
that relatively meager ratios which can usually be 
successfully applied in this country seem to accom- 
plish as much as is needed. 

In reference to the question about glycogen, liver 
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glycogen stores in these patients were somewhat de- 
creased when they came to the hospital, and glycogen 
was repleted in the liver even during the periods when 
dietary protein was insufficient. The patients ap- 
parently were able to replenish liver glycogen stores in 
face of protein starvation. 

There is a difference in the response of the patients 
given glucose plus fat as sources of calories as com- 
pared to those given glucose, water, and salt alone. 
The reasons for this are not entirely apparent. We 
could not be sure, for instance, that the less purified 
diet did not provide some agents that were of possible 
therapeutic value, possibly even traces of agents with 
lipotropic activity, or that the patients did not have 
the opportunity to partake of some food before the 
studies were initiated. For such reasons we did the 
subsequent experiments to limit the situation even 
further. We thus had an experimental setup under 
which improvement did not occur; and we were in a 
better position to test the efficacy of specific agents. 


Dr. Jack D. Myers (University of Pittsburgh, Pitts- 
burgh, Pa.): Dr. Labecki, would you care to answer 
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Dr. Gabuzda’s question regarding the control of the 
regimen? That is, did you treat any of your patients 
with the low-protein regimen omitting the lipotropic 
agent? 


Dr. Labecki: Yes. We used placebos during the 
introductory phase of the study. We administered 
high-protein diets to one group and we also carried 
four patients on a low-protein diet with placebos. 
Admittedly, hospitalization in itself has a salutary 
effect. They improved from the standpoint of the 
degree of fatty infiltration. They apparently never 
improved, at least our patients did not, to the point 
which those did who received maximum lipotropic 
therapy. 


Dr. Olson: Did you conclude that the im- 
provement with 50 g of protein plus lipotropic therapy 
was superior to that of 50 g of protein alone? 


Dr. Labecki: Yes, superior. Besides, after our ex- 
perience with the patient who went into hepatic coma 
following the administration of high protein feedings, 
possibly due to an inability to convert ammonia to urea 
(Davidson, Am. J. Med. 16: 863, 1954), we shy away 
from high-protein diets. 


= 
{ 
| 
' 
2 
oa 


Fatty Liver in Children—Kwashiorkor 


SILVESTRE FRENK, M.D., FEDERICO GOMEZ, M.D., RAFAEL RAMOS-GALVAN, M.D., 
AND JoAguin CRAVIOTO, M.D.* 


age of view have changed since Waterlow 
in his famous monograph! considered the 
fatty liver of children with nutritional edema 
and muscular wasting as a fundamental lesion 
and the one mainly responsible for a fatal out- 
come. The same author,? through more ade- 
quate measurements of the fat content of the 
liver in a much greater number of malnourished 
infants, has demonstrated that this original 
conclusion cannot be maintained. It seems to 
be clear now that liver steatosis is not responsi- 
ble for the signs and symptoms of the malnu- 
tritional syndrome,’ and that its significance 
probably does not go beyond that of being a 
phenomenon incidental to severe malnutrition. 

Fatty liver in children represents perhaps 
the most widespread natural manifestation of 
the interaction of the various factors so far dis- 
cussed at this meeting. However, since the 
evidence incriminating dietary factors in the 
pathogenesis of liver disease is necessarily more 
specific in laboratory animals than in man,’ it 
may seem somewhat risky to attempt an inte- 
gration of those factors into a particular scheme 
of the mechanism of fatty liver in malnourished 
infants, according to our present knowledge. 

Regardless of the cause of the nutritional dis- 
turbance, liver steatosis may occur equally in 
primary dietary malnutrition and in conditions 
secondary to any acute or chronic wasting dis- 
ease. Only the picture as it appears in most 
cases of chronic severe infantile malnutrition 
will be described here. 

According to classic observations made in 
tropical areas such as the West Indies! or 
Uganda,’ the liver is enlarged in a considerable 
proportion of all children affected with chronic 
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severe malnutrition. But while the funda- 
mental features of the syndrome are the same 
all over the world, clinical hepatomegaly is an 
exception. On the high Mexican plateau, for 
instance, only about 10 per cent of the seriously 
malnourished children have a palpable liver, 
although, hepatomegaly appears some weeks 
later as one of the main signs of the Nutri- 
tional Recovery Syndrome.’ Autopsies done 
in Mexican patients who die soon after their 
admission, have shown that in one-third of 
them the liver weighs more than normal, while 
in the others it participates in the over-all de- 
crease in organ weight typical of malnutri- 
tion. About 70 per cent of these livers show 
fatty changes,’ together with a definite atrophy 
if allowance is made for fat content.” 

Fatty liver accompanying chronic severe in- 
fantile malnutrition has been described many 
times, and only superficial mention will be 
made here of its main characteristics. 


PATHOLOGIC FINDINGS IN THE LIVER 


The organ is described as being yellow and 
friable; the cut surface greasy, bulging, of an 
orange-yellow color with red mottling, due to 
premortem dilatation of the central veins.’ 

Microscopically, wide variations in the fat 
distribution may be found. Steatosis generally 
appears first at the periphery of the hepatic 
lobule, and from there it progresses toward the 
central vein until the whole organ is invaded. 
The initially small fat droplets coalesce later 
until the whole cell is distended by a large fat 
globule and the cytoplasmic components and 
the nucleus are pushed to the periphery (Fig. 
1). Sometimes, so-called lipodiastemata, that 
is, fusion of several fatty cells, may be seen. 
This characteristic pattern> may become modi- 
fied if malnutrition is complicated by some 
serious infective process in which fat deposition 
may be irregular, in distribution and in amount.® 
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Fig. 1. 


When fat disappears from such a liver, it does 
so in the reverse order of its appearance, first 
from the centrolobular zone and last of all from 
the periphery. At its place, a watery glyco- 
genic vacuolation becomes visible, producing a 
foamy or empty cell appearance.’ This par- 
ticular picture is typical of the liver during nu- 
tritional recovery (Fig. 2). 

Other histologic findings include: 

Liver sinusoids are compressed and the organ 
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Fatty liver in chronic severe infantile malnutrition. 


contains very little blood in about 20 per cent 
of the cases with severe fatty infiltration. As 
steatosis advances, the portal triads are in- 
vaded by round cells, mostly lymphocytes and 
plasmocytes. Fat is then disappearing from 
the liver; it is the sinusoids which are literally 
flooded with these cells. An attempt has 
been made to correlate these cellular changes 
with the presence on one hand of lipolytic 
enzymes in the lymphocytes, and on the other 


> 


Fig. 2. The liver during recovery from chronic severe infantile malnutrition. 
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with the abnormal serum gamma-globulin levels 
of malnutrition.® 

In older children, over four years of age, 
fatty metamorphosis is usually less conspic- 
uous; about half of them show an increase of 
connective tissue, manifested as fine bands 
wound around the hepatic lobules. A star-like 
pattern of fibrosis may develop, and most ob- 
servers believe that it is independent of 
steatosis. 

Pigmentation of the liver*® is found fairly 
frequently, more in younger children, and in 
our series is not specific for malnutrition. In 
most cases the pigment is iron-containing, but 
chromolipoid is almost always present simul- 
taneously.’ 

In recent years, an increasing importance 
has been attached to pancreatic lesions, occur- 
ring in association with nutritional liver disease. 

Disappearence of zymogen granules has been 
considered as a phenomenon specific for 
“kwashiorkor,’’” but is also found in children 
of the ‘‘marasmic’”’ type of malnutrition,'! who, 
as shown later, may have no fatty liver at all. 
On the other hand, a rather high degree of as- 
sociation between pancreatic changes and in- 
tensity of steatosis is found in non-primarily- 
nutritional fatty liver.!* In later stages pan- 
creatic fibrosis may be present. 

Tissue Analyses: It seems obvious that 
chemical analysis of liver tissue should give a 
more objective index of its composition than 
histologic methods, provided one has an ade- 
quate reference. The importance of the latter 
becomes apparent when dealing with very fatty 
livers in which the usual expression of fat as 
per cent is likely to underestimate the severity 
of steatosis.!?:'* Therefore, in biopsy speci- 
mens where the weight of the organ cannot be 
known, it is convenient to relate liver fat to dry 
non-fat solids.'* 

Except when fatty infiltration is maximal, 
i.e., on the order of 50 per cent of the net weight 
of the organ, there is no correlation between the 
fat content of the liver and the clinical condition 
or the prognosis of the patient.'4 A malnour- 
ished child may be on his way to recovery long 
before he starts to lose his liver fat, and another 
may be seriously ill without showing any ab- 
normal amounts of hepatic lipids. 
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‘Definite correlations have been established 
between the degree of steatosis and certain fea- 
tures characterizing the extreme clinical pic- 
tures to be found in chronic infantile malnu- 
trition: the ‘““Mehlnahrschaden”’ or ‘‘kwashior- 
kor’ baby on one hand, the ‘atrophic’ or 
“‘marasmic’’ on the other and the ‘‘marasmic 
kwashiorkor’”’ in between. In our series, the 
first group shows a mean age of 38 + 18 
months when admitted to the hospital, with a 
history of over-all nutritional deficiency since 
the age of weaning and a relative adequate 
caloric intake. In most cases there has been a 
fairly recent acute infectious episode, and/or 
repeated bouts of severe gastrointestinal dis- 
turbances. Generally, there is pitting edema 
and characteristic skin lesions are frequently 
found. Although these children are 40 per 
cent or more underweight and show gross 
muscular wasting, nevertheless, considerable 
amounts of subcutaneous fat can be detected 
on the cheeks, the abdomen, and the thighs. 
These children show the greatest incidence and 
quantity of fat in the liver. 

Survivors of this stage of infantile malnutri- 
tion may show a gradual disappearance of both 
body and liver fat deposits,” drifting through 
the stage of ‘“‘marasmic kwashiorkor’’ into 
typical ‘“‘marasmus.’’ Younger children may 
show only the later aspect, as suggested by a 
mean age of 23 + 15 months for the ‘‘atrophic’”’ 
group. At any rate, in spite of the striking 
difference in appearance, over-all mortality 
has been found the same in all clinical types." 

Evidence points to a rough correlation be- 
tween the amount of fat in the liver and the fat 
content of the body.© A significant associa- 
tion has been found between presence of pitting 
edema and of a severely fatty liver,'® although 
the latter may be found in the absence of the 
former. Recent study of the composition of 
skin plus subcutaneous tissue” has shown that 
regardless of the presence or absence of pitting 
edema there is the same excess of water in most 
of the cases. The difference lies in the amount 
of fat per unit of dry, fat-free solids which sug- 
gests that in infantile malnutrition recognition 
of clinical edema depends upon the presence of 
a good-sized subcutaneous fat pad beneath an 
overhydrated skin. It is this which seems to 
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correlate with the amount of liver fat rather 
than clinical edema. 

Regardless of the amount of fat in the liver, 
what seems to be a common denominator in all 
cases of chronic severe infantile malnutrition is 
the very small amount of cytoplasm. A special 
significance may thus be attached to the latter. 

It is well known that when rats are starved or 
placed on a protein-free diet, they lose up to 
40 per cent of their total liver protein and part 
of their ribonucleic acid and phospholipids in a 
matter of a few days. If malnutrition is pro- 
longed, the brunt of protein loss falls, not on the 
liver or other internal organs with a high protein 
turnover, but on the muscles. It is to be ex- 
pected, therefore, that ‘‘protein depletion’’ of 
the body might be better shown by analyses of 
muscle than of the liver.'4 

When, as in studies on human beings in 
vivo, it is not possible to measure the total 
weight of an organ, the loss of cytoplasmic pro- 
tein may be demonstrated by relating protein 
content to nuclear desoxyribosenucleic acid 
(DNA), assuming that the amount of the 
latter present per cell and per liver remains 
constant.!4 The results obtained with this 
approach’® are shown in Tables I and II. It 
must be taken into account that during re- 
covery from malnutrition, there is a tendency 
to nuclear poliploidy, and that therefore the 
premise of a constant amount of DNA may be 
subjected to doubt. 


TABLE I 


Liver Fat and Liver Protein at Autopsy 
(Waterlow, 1956) 


Maras- 
mus and 
mixed 
cases 


Mean body weight 51 
(% of ideal wt) 
Mean liver fat 15 
(% fresh wt) 
Mean liver protein 56 
(% of expected) 


It can be seen that by comparison with a nor- 
mal or ideal standard,” the total amount of 
liver protein is reduced by nearly 40 per cent, 


both in ‘“kwashiorkor’ and ‘‘marasmic’”’ 
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TABLE II 


Fat, Protein, and Nucleic Acid Content of the Liver 
in 12 Cases of Kwashiorkor that Recovered (Waterlow, 
1956) 


Initial Final 


Fat, % of wet wt 34 
Protein N, ug/mg DFF wt 80 
DNAP, ug/mg DFF wt 1.73 
Protein N/DNAP 49 


cases.'#:14 Jn addition, in kwashiorkor, classi- 
cally associated with a diet predominantly 
lacking in proteins, the protein content of the 
liver is higher the more fatty the organ is. In 
Table II it may be seen that during recovery, 
protein N in terms of DNA phosphorus in- 
creases markedly. If, as pointed out hereto- 
fore, DNA may rise by itself during recovery, 
this increase in total liver protein may be much 
greater than indicated by the change in the ra- 
tio N/DNA. 

Additional data on the livers of these mal- 
nourished children show that aside from fat, 
there is also a considerable increase in water 
content and a high concentration of glycogen. 
Incomplete histochemical studies show that 
during recovery, glycogen and glycoproteins 
tend to increase further. 


LIVER FUNCTION 


It may be a difficult task to correlate results 
obtained on a few liver functions and knowl- 
edge of the patterns of some metabolic indices, 
with the known features of tissue composition. 
Most authors seem to agree that serum biliru- 
bin concentrations are found within normal 
limits in chronic severe malnutrition.*! No 
correlation has been found between a whole 
battery of turbidity and flocculation tests and 
the clinical condition of the children, as well 
as the amount of liver fat.22_ Abnormal cepha- 
lin-cholesterol tests are mostly related with the 
presence of some complicating infectious 
process, especially enteritis or otitis.2!_ Thymol 
turbidity and flocculation tests become positive 
during recovery.® 

The bromsulphalein test done with a dose of 
5 mg/kg body weight, measured at a 45-min. 
interval, has shown an abnormal retention of 15 
+ 9 per cent,?* which cannot be demonstrated 
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on a lower dose. A definite prognostic sig- 
nificance has been attached to the persistence 
of this abnormal dye retention, since cases in 
which it does not become normal in a matter of 
a few days, almost invariably die. The ab- 
normal abstraction of bromsulphalein has been 
related to compression of the liver sinusoids by 
the fat-laden cells,':*4 in spite of the lack of cor- 
relation between structural changes in the 
liver and functional efficiency.® 

A constant and characteristic feature of in- 
fantile malnutrition is an abnormal serum pro- 
tein pattern. Data obtained on clinically ede- 
matous and non-edematous children are shown 
in Table III. Comparable results have been 
obtained employing chemical, immunologic and 
electrophoretic methods. It may be defi- 
nitely stated that hypoalbuminemia is one of 
the most constant biochemical features of 
chromic severe malnutrition whether or not 
associated with a fatty liver. The significant 
differences found between total protein, albu- 
min and globulin in both clinical groups may be 
related to different patterns of distribution 
within the organism. With the feeding of an 
adequate diet, serum proteins return to normal 
quickly without affecting the rate of recovery.” 


TABLE III 
Serum Proteins in 395 Cases of Chronic Infantile 
Malnutrition 
Children with Children without 
clinical edema clinical edema 
M* S.D.¢t | S.E.t M S.D. S.E. 
Total 4.36 | 1.03 | 0.05 | 5.63 | 0.90 | 0.10 
pro- 
teins 
Albumin | 1.64 | 0.70 | 0.04 | 2.59 | 0.70 | 0.08 
Globu- 2.71 | 0.70 | 0.04 | 3.02 | 0.99 | 0.11 
lins 
Alpha 0.71 | 0.38 | 0.02 | 0.83 | 0.31 | 0.04 
Beta 0.80 | 0.50 | 0.03 | 0.86 | 0.42 | 0.05 
Gamma 1.25 | 0.47 | 0.03 | 1.32 | 0.45 | 0.05 


*M = mean; {S.D. = standard deviation; { S.E. 
= standard error. 

This, and the knowledge that the diet eaten 
by these patients meets about 50 per cent of the 
theoretic requirements for the age, both in 
amount and in biologic value, suggest that the 
main reason for the abnormalities lies in de- 
ficient protein synthesis in the liver, due to an 
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insufficient provision for building amino acids. 
Moreover, it has been proved that absorption 
and retention of nitrogen are directly corre- 
lated with the nitrogen intake and with the 
biologic value of the ingested protein.” 

Studies on the rate of synthesis and catabo- 
lism and of distribution of radioalbumin in the 
organism of malnourished children,* have 
shown that the total exchangeable albumin pool 
and circulating albumin are decreased in all 
cases, regardless of the presence or absence of 
edema. The fractional rate of catabolism or 
turnover rate, that is, that fraction of the total 
exchangeable pool that is catabolized per unit 
of time, has been found within the limits ob- 
served in normal children. The turnover half- 
time is apparently normal. Since there is no 
increase in catabolism nor abnormality in dis- 
tribution, it would appear that in the severely 
malnourished child, hypoalbuminemia is due 
to a reduced hepatic synthesis, secondary to 
insufficient amino acid provision, as pointed out 
before. 

A seemingly good index for liver function, ap- 
parently going parallel with albumin synthesis, 
is the production of cholinesterase in the liver. 
By means of the use of selective inhibitors of the 
enzyme (dialkylfluorophosphates) and infu- 
sions of albumin,” a close parallelism between 
the albumin and cholinesterase synthesis in the 
liver has been suspected. Studies on mal- 
nourished subjects have shown low values of 
acetylcholinesterase in erythrocytes and pseu- 
docholinesterase in plasma,”*.*°.3! with a fairly 
rapid increase upon recovery. 

Since the cholinesterase molecule is a protein, 
its activity should reflect changes in one frac- 
tion of the serum proteins. However, there is 
no true correlation between the activity of this 
enzyme and the concentration of total serum 
proteins, nor is cholinesterase influenced by 
changes in body posture as are the pro- 
teins.*® On the other hand, there is no corre- 
lation of this enzyme with the degree of fatty 
infiltration of the liver.'* 

These findings are in contrast to data ob- 
tained on rats fed hypolipotropic diets,* 
which show a rise of both plasma and liver 
cholinesterase and a return to normal when the 
dietary defect is corrected. This has suggested 
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a linkage between cholinesterase levels and cer- 
tain phases of fat metabolism. Thus, a posi- 
tive correlation between skinfold thickness and 
plasma cholinesterase has been found in 
adults. ** 

In human beings, the liver cholinesterase par- 
ticipates in similar fluctuations. Significant 
differences between values found on admission 
and five weeks later have been observed, the 
enzyme activity per cell increasing more than 
threefold upon recovery from malnutrition.*4 

Besides this nonspecific cholinesterase, only 
succinoxidase has been found reduced in livers 
of malnourished infants.* Tissue levels of 
other enzymes so far studied seem to be within 
normal limits, although “‘alkaline’’ phosphatase 
has been reported to be increased in the acute 
stage of the syndrome.* 

The levels of this enzyme in the plasma follow 
a somewhat unusual pattern. Initial values 
are described as being below average; they con- 
tinue dropping for about one week and sub- 
sequently show a steady rise to the upper levels 
of normal.*:*7 Since the blood level of ‘‘alka- 
line’ phosphatase reflects, not only liver func- 
tion but osteoblastic and general growth activi- 
ties as well, and besides, is known to be de- 
pressed by an insufficient dietary intake, this 
curve is probably the resulting one of the inte- 
gration of several factors. Moreover, it may 
also indicate the peculiar distribution and 
evolution of the magnesium-activated and the 
cyanide-resistant moieties of phosphatase, as 
described in malnourished babies.** 

It has been pointed out that in such a disease 
as malnutrition one perhaps should not think 
in terms of amounts but of organization of an 
enzyme. It seems unlikely that measurement 
of the activity of a particular enzyme or en- 
zyme system could be used as an index of 
chronic severe malnutrition, since the pattern 
of enzymatic activity in different organs is 
probably constantly changing as deficiency pro- 
gresses.*® 

While so much is known about the role of 
amino acid deficiency and imbalance in the 
production of fatty livers in experimental ani- 
mals, knowledge of amino acid metabolism in 
severely malnourished children is still scarce 
and fragmentary. Recovery may be initiated 
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by feeding a mixture of synthetic amino acids. 
Studies on urinary amino acid partition have 
shown a low threonine output, an absolute and 
relatively higher excretion of isoleucine than 
of leucine, and of phenylalanine greater than 
tyrosine.” Aminoaciduria has been observed 
during recovery. Recent data obtained in our 
laboratory in collaboration with R. Westall 
and L. E. Holt, Jr. show generalized hypo- 
aminoacidemia, with a still greater decrease in 
tyrosine, phenylalanine, and alanine, while 
methionine and threonine are reduced in about 
the same proportion as total aminoacidemia. 
The exact significance of these findings is as yet 
unknown, particularly as regards the patho- 
genesis of liver steatosis. An impairment of 
phenylalanine conversion to tyrosine has been 
postulated, and the changes in hair color de- 
scribed in severe chronic infantile malnutrition 
are compatible with this hypothesis. *! 

Certain peculiarities of carbohydrate metab- 
olism in these babies have been considered as 
manifestations of a failure in liver function. 
Malnourished children may die suddenly. 
Hypoglycemia is sometimes found, especially 
in association with infection, although the 
symptoms may not always point to that diag- 
nosis.‘ Studies on carbohydrate-load tests 
have shown a consistent decrease in tolerance, 
both to dextrose and to galactose.??:4?.43.44 
This pattern, comparable to Hofmeister’s hun- 
ger diabetes, does not seem to follow a particu- 
lar correlation with the clinical aspect of the 
child nor the histologic appearance of the liver. 
A failure of the liver cell to store glycogen when 
presented with abundant glucose administered 
intravenously has been observed,** even in the 
presence of satisfactory amounts of glycogen 
as judged by chemical or histologic analyses. 
Some children have been reported to show an 
inadequate rise of blood sugar after epineph- 
rine injection; this feature also becomes 
more apparent during an infectious process.** 
Serum inorganic phosphorus and potassium de- 
termined during intravenous glucose tolerance 
tests show practically no fall along the whole 
curve.* 

Considerable interest has been devoted to 
lipid metabolism in these children. For in- 
stance, preliminary observations on liver ho- 
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mogenates suggest that the rate of P*? uptake 
into phospholipids is strikingly decreased in 
malnourished livers.“ 

There is a uniform agreement among investi- 
gators of the subject that serum cholesterol is 
decreased in malnourished Asin 
most other parameters studied, a quick rise 
characterizes initiation of recovery. A very 
high ratio of free-to-total cholesterol has been 
found, averaging 0.76 while in normals it is 
about 0.25. The latter value is rapidly reached 
when recovery starts. This ratio may repre- 
sent an indirect way of estimating liver choles- 
terol esterase activity. 

The concentration of total lipids in serum is 
also low in most cases. The subsequent rather 
quick attainment of normal values has been hy- 
pothetically related to removal of fat from its 
deposits, including a fatty liver, and was postu- 
lated as an explanation for the changes in the 
thymol tests found at recovery.*4 Excep- 
tional cases, which also show an initially nor- 
mal serum cholesterol, have high total lipids 
on admission, which later decrease. In all 
cases, there is a markedly decreased alpha- 
lipoprotein fraction which rapidly returns to 
normal. Data for two representative cases 
are presented in Table IV. 


TABLE IV 


Blood Serum Lipids in Two Cases of Chronic Severe 
Malnutrition, as Found at Four-Day Intervals 


Total | Choles- | Lipoproteins 8-Lipoproteins 

No. lipids terol 
mg/100 | mg/100 % mg % mg/100 

ml area 100 mil area ml 

1 | 272.8 | 111.3 6.25 | 17.0 | 98.75 | 255.8 
. 2 | 300.2 | 113.2 6.75 | 20.2 | 98.25 | 280.0 
3 | 328.6 | 107.7 | 10.35 | 34.0 | 89.35 | 294.6 
4 | 357.5 | 126.4 | 16.85 | 60.2 | 83.15 | 297.3 
5 | 383.7 | 151.1 | 11.03 | 42.3 | 83.97 | 341.4 
6 | 462.1 | 177.7 | 15.77 | 72.8 | 84.23 | 389.2 
1 | 574.0 | 142.5 5.72 | 32.8 | 94.28 | 541.1 
2 | 514.0 | 148.0 7.10 | 36.5 | 92.90 | 477.4 
3 | 391.9 | 159.1 7.56 | 29.6 | 92.44 | 362.2 
4 | 388.2 | 169.1 | 10.50 | 40.7 | 89.50 | 347.4 
5 | 395.6 | 159.1 | 13.47 | 538.3 | 86.53 | 342.3 


It may be recalled that normal adults living 
in technically underdeveloped countries show a 
comparable pattern in their serum lipid frac- 
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tions.*® Concentrations of cholesterol and 
—S}.21 12-20 lipoproteins (which partially cor- 
respond to a-lipoproteins as determined in our 
laboratory™) are considerably lower in inhabi- 
tants of these countries than in North Ameri- 
cans. 

Serum concentrations of total fatty acids are 
not different in children with a poor or a good 
nutritional status.5' However, dienoic tetra- 
enoic and hexaenoic acid levels are signifi- 
cantly reduced in the malnourished, while trie- 
noic acid concentration is significantly higher. 
The significance of this is as yet unknown. 

Fat balance studies in severely malnourished 
children show that they absorb only about 
50 per cent of their fat intake.5? The exact 
influence of these and other factors on lipid 
metabolism and maintenance of serum levels 
and partition in malnourished subjects remains 
to be known. 

Evidence relating lipid and water metabo- 
lism in malnutrition is as yet scanty and con- 
flicting. At the clinical level, while most ob- 
servers describe polyuria as a characteristic 
feature of severe malnutrition,®* others have 
found oliguria and delayed excretion of a water 
load, as well as presence of increased amounts 
of antidiuretic substances in the urine®‘ and 
jugular blood.® An abnormal inactivation of 
antidiuretic substances in the damaged liver 
has been postulated for those cases.*¢ 

In experimental animals, marked water re- 
tention when small doses of pitressin are ad- 
ministered to rats fed low-protein alipotropic 
diets has been observed.*® This has been cor- 
roborated in choline-deficient rats, which pos- 
sessa diminished ability to inactivate pitressin,” 
and which can be restored to normal by vitamin 
Byz and aureomycin without influencing the fat 
content of the liver. Impaired water diuresis 
has also been found in mice fed protein-defi- 
cient diets,** with no correlation between the 
presence or intensity of fatty changes in the 
liver and the response to water administration. 
On the other hand, development of edema in 
weanling rats fed a protein-deficient diet can be 
prevented by lipotropic substances,** and ac- 
tually a deficiency of them has been suggested 
as a possible etiologic factor in malnourished 
children with edema of the “kwashiorkor”’ 
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type. This could be compatible with the pre- 
viously discussed association of clinical pitting 
edema, persistence of fat under the skin and in- 
tense fatty infiltration in the liver, and points 
to the eventual need of further evaluation of 
the role of these factors in infantile malnutri- 
tion. 

The treatment of fatty liver is undoubtedly 
that of the malnourished child who bears it. 
Once an adequate diet is taken in, the liver will 
recover together with the remainder of the 
organism, showing the already described fea- 
tures of the nutritional recovery syndrome.*® 

Lipotropic agents have been tried by several 
groups, with the aim of further speeding re- 
covery. Satisfactory results originally ob- 
tained with whole stomach extracts® need fur- 
ther confirmation. Acceleration of fat removal 
from the liver has been reported with the use of 
choline and lipocaic,®! especially in cases with 
the most intense fatty infiltration. Since final 
recovery seems to be the same with or without 
such a treatment, the significance of this pro- 
cedure cannot be assessed at the present time. 
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DISCUSSION 


Dr. S. Stevenson (University of Pittsburgh, Pitts- 
burgh, Pa.): This paper fascinates me because I have 
been intensely interested in this disease “‘kwashiorkor.” 
I saw a fair amount of it in Egypt and in South 
America. I have never seen a typical case in Pitts- 
burgh although malnutrition, I am quite sure, is the 
commonest cause of growth failure in children in the 
United States and is certainly the most widespread 
disease of children in the world, along with malaria, 
which may cause it. In this country, malnutrition is 
not usually caused by dietary lack but by disease, 
particularly infections. I think Dr. Frenk would agree 
that malnutrition is a disease in children whose etiolo- 
gies may be legion, but whose end results are similar, 
but of varying severity. 

Dr. Frenk, as a pediatrician, I want to say how long 
I have admired what you and your group are doing in 
the way of fundamental research into the effects and 
causes of malnutrition in childhood. I have also ad- 
mired your complete refusal to relegate kwashiorkor to 
the realm of an exotic African disease and your classi- 
fication of it under the term, as I think you once called 
it, “third degree malnutrition.” 

The commonest cause of severe malnutrition in 
Pittsburgh children—in this country, I suspect—is 
cystic fibrosis of the pancreas. This disease combines 
inability to digest and assimilate foodstuffs with chronic 
and severe infection. It is fairly common since it 
occurs in roughly 2 out of 1,000 live births in this 
country. We cannot cure the disease at present. We 
can treat the infection which accompanies it with anti- 
biotics, and we do this fairly well. We can try to do 
something about the nutritional state of the child, 
and this we do not do very well. 
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Although cystic fibrosis causes severe malnutrition, 
which resembles the type Dr. Frenk sees on the Mexican 
plateau, there are some baffling differences between this 
state and the picture seen in kwashiorkor. Perhaps 
they are only in degree of severity; perhaps they are 
racial differences. I should like to ask about them. 

In kwashiorkor, which has been translated “boy with 
red hair,’’ you all know about the changes in the hair, 
which may fade to the point where it is almost gray or 
white. You all know about the skin changes. In 
severe malnutrition and cystic fibrosis, we do not find 
these hair and skin changes even though the children 
are terminally marasmic. I wonder if the hair changes 
have something to do with the inheritance of the 
Negro children in Uganda and Africa or whether they 
are due to a lack of phenylalanine. 

I am intrigued with the mental changes of children 
with kwashiorkor—apathy, listlessness, almost de- 
mentia, in advanced kwashiorkor. I am intrigued 
because of phenylpyruvic oligophrenia, a disease we 
see in this country, where the child, usually a blond, is 
unable to metabolize phenylalanine properly and 
becomes demented and mentally deficient. Children 
with advanced cystic fibrosis and malnutrition are not 
apathetic and listless unless they are quite sick with 
secondary infection but are notably cheerful and bright. 

I should like to ask you about the edema which is so 
universal in kwashiorkor and which we almost never 
see in cystic fibrosis. As a matter of fact, the serum 
albumin is not as depressed in cystic fibrosis as it is in 
kwashiorkor, and I wonder if the absence of edema in 
our children is because their serum albumin is not as 
depressed because there is less liver damage, or because 
they have almost no subcutaneous fat. 

When you talk about the correlation between sub- 
cutaneous fat and edema in the kwashiorkor children, 
it makes me think of the old Mehlndhrshaden the Ger- 
mans described so well, which occurred in children on 
high carbohydrate, condensed milk diets in the old 
days. 

We find, fairly routinely at postmortem, fatty livers 
in our malnourished children with cystic fibrosis. 
Although not always as severe as in the kwashiorkor 
babies, it is the same type, starting from the periphery 
of the lobule and spreading centrally. 

I wonder about two more things. First, are the 
sudden deaths which are seen in kwashiorkor, and also 
in cystic fibrosis, possible hepatic deaths? Second, I 
am thoroughly confused about choline after the earlier 
discussions this morning and after what Dr. Frenk has 
said. We don’t give our cystics choline in dietary 
therapy. I wonder if we should. 

One last thing. You talked about the recovery syn- 
drome, when the liver becomes large, and I know 
that you have shown in other studies that it enlarges 
partly because the cells become larger. However, by 
treatment, you increase the caloric (and carbohydrate) 
intake and presumably up the metabolic rate and I 
wonder if some of this liver enlargement may be due to 
congestive cardiac failure due to beriberi. 
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Dr. Robert Kark (University of Illinois, Chicago): 
I wonder if Dr. Frenk would dwell again on skin chem- 
istry. I am not quite sure what he is measuring. Is it 
skin or subcutaneous tissue or both together? 

The second point concerns the fat excreted by the 
children. This summer in North Africa I saw a num- 
ber of children of the kind he described, but in addition 
there were a fair number who had typical celiac disease. 
I wonder whether he found neutral fat in the stools 
of the marasmic children or whether it was primarily 
fatty acids? Does he see celiac disease in Mexico? 


Dr. Labecki: Do the increased proportions of beta- 
lipoprotein in children with kwashiorkor decrease with 
clinical improvement? They are definitely increased 
by adult standards in the tables you showed. 


Dr. E. E. Howe (Merck Institute for Therapeutic 
Research, Rahway, N. J.): I have had the good for- 
tune to work with Dr. Brock and Dr. Hansen on the 
use of amino acids and can partially answer one of the 

» questions that Dr. Frenk raised about continuing studies 
with amino acids. Of course, it is rather expensive to 
continue these studies past 30 days with the crystalline 
amino acids. If, however, these children, after the 
initiation of cures are placed back on maize plus a little 
additional glycine, they will continue to improve. 


Dr. Wilgram: In extension of Dr. Frenk’s presenta- 
tion I would like to mention that over the last few 
years we have conducted an experiment, a well con- 
trolled study of monkeys on a borderline protein- 
deficient diet, which is also definitely deficient in lipo- 
tropic substances such as choline. Those animals just 
barely maintain their weight. They do not lose, but 
they do not gain, either. Yet the livers that we see 
resemble exactly what you have shown here, Dr. 
Frenk, in children with kwashiorkor. 

If I may repeat this briefly, we see a periportal fat 
accumulation of the type where the fat appears in big 
confluent droplets quite different from the protein- 
deficient liver which we see in the rats. 

You mentioned that the effect of choline is apparently 
beneficial in your humans. I might perhaps offer the 
personal opinion that under those circumstances choline 
may be methionine-sparing. By adding choline to 
such a diet one may give the child, in your case, or the 
monkey in our case, help in preserving its methionine 
reserves. 


Dr. Frenk (closing remarks): I thank you all very 
much for your comments. Regarding the lack of 
changes in hair color in cystic fibrosis of the pancreas, 
as compared to those found in chronic severe malnutri- 
tion, I do not think that this is related to racial charac- 
teristics of African children. The babies of the central 
part of Mexico, with no African blood, show the same 
hair changes. Some of them become not only reddish 
but blond or even white-haired. You may see in the 
hair of these children the so-called ‘‘sign of the flag’; 
revealing all of the different colors which the hair has 
passed through during the illness. 
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We probably have as much cystic fibrosis of the pan- 
creas as you have in the United States, but isolated 
cases may get lost in the overwhelming numbers of 
severely malnourished children. If we had a whole 
hospital just for this disease, we could fill it up in five 
minutes. 

Whether the apathy of these children may be related 
to the same hypothetical factors which cause the hair 
changes, I am not yet prepared to say. Actually, as 
you know perfectly well, these mental changes dis- 
appear very quickly when recovery starts. 

Perhaps the lack of pitting edema in cases of cystic 
pancreatic fibrosis is due to the lack of subcutaneous 
fat. I would not really be able to answer this. On 
the other hand, as you say, Professor Stevenson, 
everybody agrees now on the fact that Mehlndhr- 
schaden and kwashiorkor are one and the same disease. 
But marasmus, which clinically looks so different, 
should also be considered, as the other extreme of the 
same process. 

Regarding sudden death in these children, we see it 
quite frequently. Several people, especially in Cuba, 
believe that it may be related to an abnormal handling 
of carbohydrates. Actually, when these babies die, 
they may show a profound hypoglycemia (10 to 15 
mg per 100 ml) immediately before death. 

I do not think that a thiamine deficiency is the cause 
of the nutritional recovery syndrome. The children who 
show it look so well, are running around the ward and 
behaving so normally or supranormally, that one would 
rather doubt that they are in cardiac insufficiency. 
We sometimes see congestive cardiac insufficiency in 
older children, but not in babies between two and four 
years of age, which is the group which characteristically 
shows this syndrome. 

It probably is the big, clear, granular hepatic cell 
which I showed you, which makes the liver enlarge 
during recovery, just as happens in von Gierke’s 
disease. Why do these children get ascites at the same 
time? I really don’t know and I don’t think anybody 
knows. 

Regarding the very good question of Dr. Kark, our 
“skin’”’ biopsies include skin plus subcutaneous tissue. 
The way we do the biopsy is to go straight down to 
the fascia and lift the whole flap. So we obtain what 
many people believe works as a functional unit. 

Our children do have chemical steatorrhea. They 
don’t have clinical steatorrhea unless you give them a 
high-fat diet. You saw that the absorption was 
only about 50 per cent of the intake. If you give 10 
g of fat, 5 g will come out in the stool; if you give 50 
g, 25 will come out, and you will see clinical steatorrhea. 
But I have not believed that any of these children could 
be confused with those having celiac disease, which in 
Mexico presents exactly as celiac disease does in other 
parts of the world. 

Serum £-lipoproteins show changes parallel to those 
of total lipids; increasing or decreasing according to 
the evolution of the latter in the serum of a mal- 
nourished child during recovery. Their proportion 
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ie. B:a@ ratio decreases with recovery. Further work 
on this is needed. 

I am very grateful for the information on the syn- 
thetic amino acid diets. Dr. Howe’s remarks more or 
less agree with our findings showing a good initial 
response when glycine is added to a poor diet. 

I heard with great interest what Dr. Wilgram told 
us about the distribution of fat in the livers of monkeys. 
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Perhaps the monkey when subjected to deficient diets 
gets the same disease as our children. 


Dr. Kark: Dr. Frenk, you did not tell us whether 
the steatorrhea represented neutral fat or fatty acids. 


Dr. Frenk: 
present. 


Both neutral fat and fatty acids are 
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it Is AN interesting fact that adult populations 

which subsist upon diets which cause 
kwashiorkor in infants have relative freedom 
from atherosclerosis. Kwashiorkor and ather- 
osclerosis are, in a sense, reciprocal disorders. 
In countries where the food supply is good and 
the nutrients supplied in abundance, the in- 
fants do well and the adults do poorly (vis a vis 
degenerative disease); conversely in countries 
where the food supply is poor and the nutrients 
marginal or even limiting, the infants do poorly 
and the adults appear to be less susceptible 
to vascular and other degenerative diseases. 
Even in our country this biologic spectrum is 
represented at one end, the pole of under- 
nourishment, by the chronic alcoholic, and at 
the other end, the pole of /uxus nutrition, by 
our obese population which appears to be sus- 
ceptible not only to atherosclerosis! but also to 
diabetes, hypertension, and biliary disorders. 
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The physiologic events responsible for the 
relative incidence of atherosclerosis along the 
whole expanse of this biologic gradient are, of 
course, the product of many variables as diets 
change from “‘bad’”’ to ‘“‘good.’”’ We should 
like to propose, however, that a significant fac- 
tor in the adjustment to diet by these popula- 
tions is the endocrine function of the liver as it 
pertains to the secretion of §-lipoproteins. 
This may be looked upon as a specific liver 
function which is sensitive to states of under- 
nutrition and overnutrition with regard not only 
to calories and to fat, but also to protein and 
possibly a number of lipotropic factors. 

Evidence supporting this view will be pre- 
sented under the four general headings of: the 
pathogenesis of atherosclerosis; the epidemio- 
logic data relating degenerative heart disease 
to diet; the effect of hypolipotropic diets upon 
the serum lipids and lipoproteins of the rat; 
and the effect of hypolipotropic diets upon the 
serum lipids and lipoproteins of man. A pre- 
liminary report of this work has been pre- 
sented.” 


PATHOGENESIS OF ATHEROSCLEROSIS 


It is beyond the scope of this paper to at- 
tempt to consider this extraordinarily broad 
subject in but the sketchiest outlines. It 
seems reasonably clear, however, that athero- 
sclerosis is a disease of multiple etiology re- 
sulting from a complex interaction between 
organism and environment.’ The “agent” of 
the disease, furthermore, appears to arise 
within the host as a result of this interaction. 
Instead of being an independent variable, as is 
the case in diseases of infection, addiction, or 
nutritional deficiency, the ‘‘agent” of athero- 
sclerosis is a dependent variable developing 
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from many possible host-environment ad- 
justments. The fact that it is “endogenous,” 
furthermore, complicates the making of a dis- 
tinction between agent, host and environment 
in a classic ecologic framework. Nevertheless, 
it seems to us that this viewpoint is essential 
in further studies designed to delineate with 
more certainty the ‘“‘agents’”’ and the host re- 
sponses which lead to atheromatosis. Some 
of the agents which have been proposed as etio- 
logic in atherosclerosis have included choles- 
terol,’ Sp2-20 B-lipoproteins,® minute thrombi,*” 
altered internal elastic membrane of the ar- 
tery,® and proliferating intima.® Some of the 
host factors which may influence the genesis of 
the “agent” include genetic endowment, race, 
age, sex, endocrine balance, and psychic state. 
Some of the equally pertinent environmental 
factors include diet, drugs, exercise, occupation 
and sociocultural status. 

Most modern investigators agree with Vir- 
chow” that the pathogenesis of atherosclerosis 
involves an alteration in the normal processes 
of filtration and resorption of plasma through 
the intima and the subadjacent media of the in- 
volved artery. Page’! has recently pointed 
out that retention of lipids in the subintimal 
space could result from alteration in the nature 
or amount of the §-lipoproteins, change in the 
integrity of the intima or of the internal elastic 
membrane, or modification of the metabolism 
of the arterial wall. The reasonableness of a 
hypothesis of multiple etiology is immediately 
clear from such an analysis of the probable 
pathogenesis of the lesion. 

It is apparent that both humoral and local 
factors are involved. Under humoral factors 
one may list the 8-lipoproteins, the proteins in- 
volved in the coagulation schema!” and hepari- 
noid substances involved in clearing. Under 
local factors one can identify (a) hemodynamic 
factors relating to blood flow, turbulence and 
pressure, (b) metabolic factors intrinsic in ar- 
terial tissue which control its respiration, lipo- 
genesis, and lipoprotein transformation, (c) 
Structural factors relating to anatomic dif- 
ferentiation of intima, internal elastic mem- 
brane, and other components of the arterial 
wall, and (d) traumatic factors relating to in- 
jury, ulceration, and repair. 
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Since the organ most concerned with the 
elaboration of the humoral factors is the liver, 
it seems reasonable to assume that this organ 
may play a decisive role in the pathogenesis of 
atherosclerosis. The evidence supporting this 
postulate is summarized below. 

The level of serum lipids in the mammal un- 
der various conditions of diet and metabolic 
state reflect principally the interaction of three 
organs, the intestine, the liver, and the fat de- 
pots in accomplishing the addition of lipid to or 
removal of lipid from the plasma. A simplified 
schema of lipid transport among gut, liver, and 
depots emphasizing the central role of the liver 
is shown in Figure 1. Fat and cholesterol 


Plasma 
Chyle Lipoproteins 
GUT LIVER” DEPOTS 
Bile Chylomicrons 
+ NEFA 
Fig. 1. Schematic diagram of lipid transport in the 
mammal. (NEFA represents non-esterified fatty 
acids.) 


absorbed from the gut are transported from the 
lacteal via the thoracic lymph as chylomicron 
lipid to the general circulation.'*:'4 These 
chylomicrons are then rapidly cleared from the 
blood. The tissues which participate in this 
clearing have not all been identified, but it has 
been shown that elements of the reticuloendo- 
thelial system, particularly the Kupffer cells of 
the liver are very active in this process.'* The 
fatty acids from the cleared triglycerides appear 
rapidly in the nonesterified fatty acid fraction 
(NEFA) which is taken up by many tissues. 
including the liver. The cleared cholesterol is 
apparently transferred directly from the Kupf- 
fer cell to the hepatic parenchymal cell where 
it becomes available for excretion in the bile (as 
bile or cholesterol) or secretion into the plasma 
as lipoprotein. Inman this transfer mechanism 
for dietary cholesterol results in a lag of three 
days in the attainment of maximum specific 
radioactivity in the plasma cholesterol after 
feeding cholesterol-1-C1*.1® 

The formation of plasma lipoproteins is an 
important liver function and apparently the 
most important, if not the sole means by which 
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hepatic lipid, of either endogenous or exogenous 
origin, is transferred to the periphery. Al- 
though many tissues synthesize cholesterol, only 
the liver contributes this sterol to the plasma” 
and retrieves it again for ultimate catabolism. 
Plasma phospholipids, like plasma cholesterol, 
are both derived from and removed by the 
liver.* Hepatectomy, therefore, has relatively 
little effect upon the plasma concentrations of 
phospholipid and cholesterol,'® although it 
abolishes turnover. It would appear, there- 
fore, that plasma phospholipid and cholesterol, 
together with the protein moiety of the plasma 
lipoprotein serve as the vehicle for lipid trans- 
port from liver to periphery (particularly the 
depots) without actively contributing to it. 
In contrast to phospholipid and cholesterol es- 
ter, lipoprotein-bound triglyceride appears to 
be the chief medium of lipid transfer from the 
liver to the depots. The rapid turnover time 
of plasma triglyceride fatty acids as com- 
pared with phospholipid or cholesterol ester 
fatty acids supports this view.”?! Further- 
more, adipose tissue is a rich source of lipo- 
protein lipase** which could act to liberate fatty 
acids from plasma lipoprotein for assimilation 
in the depots. 

Whereas the adipose depots take up carbo- 
hydrate and lipoprotein lipid during periods of 
feeding, they discharge lipid in the form of non- 
esterified fatty acids (bound to albumin) and 
chylomicrons during periods of fasting.?*:*4 
This phenomenon is intensified in conditions of 
starvation, diabetes mellitus, and anterior 
pituitary excess. In these instances, however, 
the plasma triglyceride is elevated out of pro- 
portion to cholesterol and phospholipid and the 
plasma is lactescent. Since the liver is the 
only source of plasma cholesterol and phos- 
pholipid, it seems certain the hypercholes- 
terolemia and the hyperphospholipidemia which 
accompany the lipemia in these instances is part 
of the hepatic response to increased mobiliza- 
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tion of triglycerides from the depots.*-* The 
persistence of postprandial chylomicronemia 
(high-fat feeding, diabetes, obesity, idiopathic 
hyperlipemia) appears to result in an increased 
hepatic elaboration of 8-lipoproteins with con- 
sequent elevation of plasma phospholipid and 
cholesterol. This, in turn, may contribute to 
the progression of atherosclerosis. It seems 
clear, from this brief and elementary consider- 
ation of known mechanisms.of fat transport, 
that dietary factors which modified any of the 
rates pictured in Figure 1 could affect the level 
of lipid in any or all of the compartments shown. 
Evidence is available to show that caloric bal- 
ance, kind (degree of unsaturation) and amount 
of dietary fat, and the kind and amount of die- 
tary protein influence serum lipid levels in man. 
Other dietary factors, of importance in fat 
transport in animals, may also be important in 
man, although the data are not yet compelling. 

In relating any of the above constituents of 
the diet to the clinical events signifying athero- 
sclerosis we must be fully aware of the extraor- 
dinary number of extradietary factors which 
are involved in the final outcome. One can, of 
course, outline a working hypothesis relating 
diet to coronary artery thrombosis by way of 
liver function, serum lipid changes, atheroma 
formation, and final occlusion, as shown in 
Figure 2. 

One must be careful to insert a number of 
vectors representing other forces than those in 
the main stream of diagram to emphasize the 
uncertainty of the progression in given individ- 
uals. All of the pertinent humoral and local 
factors operating at the vascular level, the 
basic ‘‘set”’ of the liver in elaborating 8-lipopro- 
teins (possibly conditioned by genetic factors) 
and its responsiveness to given diet composition, 
the likelihood of the lesions being in particu- 
larly vulnerable sites, if formed, and the chance 
of their precipitating clinical disease, are fac- 
tors which make. the a priori generalizations 
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Fig. 2. The role of diet in the multifactorial pathogenesis of atherosclerosis. 
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about the effect of diet composition upon the 
incidence of clinical “‘events’”’ essentially worth- 
less. In large groups, with different diet pat- 
terns, some of the pertinent variables other than 
diet tend to be randomized, but even in such 
groups extreme caution should be exercised in 
drawing conclusions from superficial associa- 
tions. 


EPIDEMIOLOGIC STUDIES OF DIET 
AND HEART DISEASE 


The epidemiologist attempts to relate given 
environmental factors to disease. Keys and 
his associates*:** have carried out studies of the 
relation of dietary fat intake to coronary artery 
disease in many parts of the world. He has 
concluded that a strong association exists be- 
tween the incidence of coronary artery disease 
in many populations and the magnitude of the 
habitual intake of dietary fat. In fact, Keys 
plotted the incidence of “‘degenerative heart 
disease’’ in six countries vs. per cent of dietary 
calories derived from fat** and obtained a con- 
vincing parabola which gives a linear plot on 
semilogarithmic coordinates. In fact, it is a 
very good “‘dose-response’”’ curve in the pharma- 
cologic sense. It has been pointed out re- 
cently, however, by Yerushalmy and Hilleboe*® 
that when the available data from 22 countries 
are studied, ‘‘the tests for specificity show that 
the association (between dietary fat and heart 
disease mortality) lacks validity.” Both these 
authors® and Yudkin*! found a stronger as- 
sociation between dietary animal protein and 
mortality from coronary artery disease than 
between dietary fat and that mortality. We, 
independently, had noted that the plot of ani- 
mal protein intake vs. mortality from degener- 
ative heart disease for the six countries Keys 
had initially described gave the same shaped 
curve as for fat.*? This, of course, does not 
prove that the intake of dietary fat has no 
bearing on the pathogenesis of coronary artery 
disease any more than it proves that the intake 
of animal protein is the critical factor. Epi- 
demiologic associations are never independently 
conclusive, but require additional clinical in- 
vestigation for validation. Such clinical stud- 
ies have shown that altering the amount and 
kind of dietary fat does influence serum lipid 
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levels in man, although the extent to which such 
measures influence the course of clinical athero- 
sclerosis is controversial at the present time.** 
We shall present evidence that the animal pro- 
tein intake may also influence the serum cho- 
lesterol level in animals and man. 


EFFECT OF HYPOLIPOTROPIC NUTRITION ON 
SERUM LIPIDS AND LIPOPROTEINS IN THE RAT 


This study actually began 18 years ago when 
one of us (R.E.O.) was a graduate student in 
the laboratory of Dr. Wendell Griffith at St. 
Louis University. Dr. Griffith who is one of 
our essayists in this Symposium, had just de- 
scribed the syndrome of hemorrhagic renal de- 
generation as a manifestation of choline de- 
ficiency in the weanling rat** and suggested to 
me that I undertake an over-all study of lipid 
metabolism in the young choline-deficient rat. 
We observed that hypolipemia was a regular 
occurrence in the fed choline-deficient rat in 
association with fatty liver, but that fasting, or 
the inanition associated with the onset of the 
renal lesion, caused an increase in serum lipids 
and tended to obscure the effect. Unfortu- 
nately, the work was interrupted by the exigen- 
cies of the war and was not resumed in our 
laboratory until two years ago. 

In these studies, young Sprague-Dawley male 
rats of the Holtzman strain weighing about 120 
grams were fed experimental diets representing 
the permutations of low/high-methionine, low/ 
high-choline, low/high-fat, low-high-unsatu- 
rated-fat and low/high-cholesterol. The level 
of dietary protein was 18 per cent by weight 
with soy protein (Drackett) providing the low 
methionine level (0.16 per cent) and casein pro- 
viding the high methionine level (0.54 per cent). 
The total organic sulfur of these rations was kept 
constant at 0.2 per cent by varying the content 
of cystine. The range of the choline content 
was to 0-0.3 per cent, that of fat, 6-40 per cent, 
and that of cholesterol 0-1 per cent. Corn oil, 
butter, and lard were employed as sources of 
fat. The animals were fed these diets for two 
weeks and then sacrificed. Serum lipids and 
lipoproteins were determined on pooled samples 
of serum from three or more animals. The 
serum and liver lipids were determined by con- 
ventional methods as previously described* 
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and the serum lipoproteins by the method of 
Gofman.*® 

Typical results for groups of 8 to 12 rats are 
shown in Tables I and II. Data for rats fed 
the Purina chow stock ration are also included. 
The rat characteristically has lower levels of 
serum lipids than man*®* and an appreciably 
different profile of serum lipoproteins.” Gen- 
eralized hypolipemia was found in all rats fed 
diets low in methionine and choline. Serum 
cholesterol, phospholipid, and triglyceride all 
declined and the low-density 8-lipoproteins vir- 
tually disappeared. Elevation of the fat con- 
tent of the soy protein or the change in its iodine 
number, in the absence of choline, did not 
influence the hypolipemia. The addition of 
choline prevented the hypolipemia, the hypo- 
B-lipoproteinemia, and resulted in slightly 
higher values for phospholipid, triglyceride, 
and high-density a-lipoproteins than found in 
animals on the stock ration. The substitution 
of casein for soy protein without added choline 
minimized the hypolipemia, and the hypo-f- 
lipoproteinemia although it did not completely 
abolish it. It is assumed that the extra me- 


thionine contributed its methyl group for cho- 
line synthesis, and this is borne out by the lesser 
fatty infiltration observed in the casein-fed rats. 
The less dramatic effect of low choline rations 
upon the serum lipoproteins of rats studied by 
Wilgram, Lewis, and Blumenstein® was prob- 
ably due to the more generous amounts of me- 


thionine supplied by their ration. In low cho- 
line diets fortified with 1 per cent cholesterol 
plus 1 per cent taurocholate no hyperlipemia 
was noted unless choline was added to the ra- 
tion,*® an effect also noted by Ridout ef al.” 
and by Wilgram, et al. 

Since conversion of dietary cholesterol to 
8-lipoprotein cholesterol involves intermediary 
transformation in the liver, the failure to see 
hypercholesterolemia after cholesterol feeding 
in the choline-deficient rat is not unexpected. 
This syndrome, i.e., hypolipemia in association 
with fatty liver, strongly suggests that fat- 
transport from liver to periphery is being re- 
tarded. Stetten and Salcedo*? concluded on 
the basis of studies of the distribution of deu- 
terium-labeled fatty acids synthesized from 
enriched body water in liver and adipose tissue 
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that a defect in transport existed between the 
liver and the depots in the choline-deficient rat. 
Marked hypolipemia and hypocholesterolemia 
in association with fatty liver has also been seen 
in the choline-deficient puppy.** Although 
Zilversmit, Entenman, and Chaikoff** found 
no increase in the turnover of plasma phospho- 
lipids in the mildly choline-deficient dog given 
choline, no studies of the turnover of plasma- 
triglycerides or cholesterol were made and it is 
possible that the turnover of these fractions, 
particularly the triglyceride fraction which ap- 
pears to be the “‘transport form” of lipid from 
liver to depots, was altered. Although the pre- 
cise action of choline influencing the fat me- 
tabolism of the liver still remains an enigma, a 
role in stimulating lipoprotein formation for 
the transport of triglyceride to the periphery 
seems a strong possibility. 


EFFECT OF HYPOLIPOTROPIC DIETS UPON THE 
SERUM LIPIDS AND LIPOPROTEINS IN MAN 


The relevance of these studies in the rat to 
man is of paramount importance. One cannot 
transpose data from one species to another 
without direct evidence. In another primate, 
the Cebus monkey, Mann ef al.** found that 
hypercholesterolemia from cholesterol feeding 
was not obtained unless choline was added to 
the diet. Furthermore, the rice diet, intro- 
duced by Kempner“ for the treatment of hyper- 
tension in man is one of the most potent hypo- 
cholesterolemic rations known. It contains 25 
g of protein (of which methionine is the limit- 
ing amino acid), 5 g of fat, and carbohydrate 
(from fruit and fruit juice) in quantity sufficient 
to maintain caloric balance. Although the 
hypocholesterolemic effect of this diet has been 
attributed to its low fat content by Keys etal.” 
the decreases in serum cholesterol which have 
been observed“—® are out of proportion to 
what has been observed on diets low in fat but 
replete with protein.®' 

In view of these considerations, we under- 
took a study of the effect of low-protein hypo- 
lipotropic nutrition upon the serum cholesterol 
of nine human subjects, five of whom were hy- 
percholesterolemic. These subjects were hos- 
pitalized on a metabolic unit and fed a weighed 
control diet containing 100 g of protein, 80 g of 
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fat (ca 30 per cent cal) and 300 to 350 g of 
carbohydrate to supply about 2,400 cal for one 
to two weeks. The dietary fat was derived 
chiefly from animal sources and had an average 
iodine value of 42. The protein was derived 
mainly from animal sources and supplied the 
essential amino acids in amounts of four to 
eight times the estimated human requirement.** 
At the end of the control period, the subjects 
were fed an isocaloric isofatty (including 50 g 


TABLE III 


Daily Intake of Essential Amino Acids and Choline 
by Experimental Subjects 


Rose’s 
minimal 


to 
o 

a 


Amino acid 


Arginine 
Histidine 
Isoleucine 
Leucine 
Lysine 
Phenylalanine 
Tyrosine 
Threonine 
Tryptophan 
Valine 
Methionine 
Cystine 
Choline 


of butterfat) diet containing 25 g of vegetable 
protein derived from cereals, rice and legumes 
for one week. All essential amino acids except 
methionine were supplied by the low-protein 
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diet in amounts which met Rose’s tentative 
minimum requirement (Table III) and all 
other essential nutrients were given in adequate 
amount (partially supplied by a vitamin-min- 
eral supplement) (Table IV). The low-protein 
diet contained between 0.18 and 0.22 g of 
choline whereas the control diet contained be- 
tween 1.0 and 1.2 g of choline. At the end of 
the low-protein period, the subjects were again 
fed the control diet. Serum cholesterol was 
measured twice weekly. In several instances, 
nitrogen balances were measured. 

All subjects showed a decrease in serum 
cholesterol during the low-protein period which 
averaged 44 + 4 (S. E. difference) mg per 
100 ml as shown in Table V, and all values re- 
turned toward normal upon resumption of the 
control diet. The changes in body weight were 
nil during these relatively short term studies. 
One of the subjects, AK, was studied in con- 
siderably more detail and for a longer (10-week) 
period on the low-protein regimen. The 
changes in his body weight, serum lipids and 
serum §-lipoproteins are shown in Table VI. 
The changes are not as dramatic as those seen in 
the rat given hypolipotropic diets but they are 
identical in kind. Serum cholesterol and phos- 
pholipid and the serum lipoproteins reached a 
plateau in about two weeks and remained at 
that minimum point during the remainder of 
the low-protein feeding period. The degree of 
negative nitrogen balance changed throughout 
the low-protein period. During the first two 
weeks it averaged —0.85 g/day and for the re- 


TABLE IV 
Daily Intake of Essential Nutrients by Experimental Subjects 


Pro- Carbo- 
Calo- tein 
Diet ries g g 


hydrate 


Cal- Thia- Ascorbic 
cium Iron mine Niacin acid 
mg még mg mg 


Control 
Experimental 


2,400 100 320 
2,400 25 395 


1.40 16 1.2 : 15 90 
0.54 12 3.0 2 29 200 


TABLE V 
Effect of Low-Protein Diets Upon Serum Cholesterol in Man 


| Serum cholesterol, mg/100 ml 


Body 
wt 


Protein 
& 


Calories 
g keg Mean 

61.4 

61.2 267 


Range Change 


215-460 
160-420 —44+4 


100 2,400 
25 2,400 


Diet I Diet IT 
(100 g require- 
P| protein) protein) ments 
5.19 1 
0.70 
1.10 | 
0.80 
1.10 
0.50 | 
0.25 
0.80 | 
1.10 | 
( 
: 
1 
( 
Diet 
Patients Fat ( 
Control 9 ‘ 
mental | 
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maining period of eight weeks, it averaged 
—0.14 g/day. The degree of hypocholesterol- 
emia did not parallel the degree of negative ni- 
trogen balance and hence it seems unlikely that 
the effect upon serum lipids is due to a net 
catabolism of body protein. It seems more 
likely that the effect is due to an amino acid im- 
balance in which methionine and other lipo- 
tropic factors play arole. Following return of 
this subject to the control regimen, after ten 
weeks, his serum cholesterol and lipoproteins 
promptly increased to values equal to or greater 
than the previous control values. 

No signs of liver dysfunction were noted 
throughout the study. There was no hepatic 
enlargement and all of the clinical laboratory 
tests of liver function (bromsulfalein retention, 
serum bilirubin, alkaline phosphatase, cephalin 
flocculation, albumin/globulin ratio, and pro- 
thrombin time) remained within normal limits. 
His liver was biopsied at two-week intervals 
and four of the sections taken at the beginning 
of the low-protein period, and at 2, 4, and 10 
weeks are shown in Figure 3. Dr. John Kurtz, 
the pathologist at St. Margaret’s Memorial 
Hospital, could see no significant change in 
these sections. The sudan-stained sections 
showed a small amount of finely divided fat in 
some of the liver cells at the outset of the study 
but there was no progression during the period 
of low-protein feeding. Kark, Horwitt, and 
Rothwell®+ fed somewhat more liberal low-pro- 
tein diets (6.5 g N per day) to human subjects 
over a much longer period of time (365 to 458 
days) and noted hepatomegaly, bromsulfalein 
retention and abnormalities in lactate and 
pyruvate clearance which were corrected by 
feeding protein supplements but not by sepa- 
rate lysine, methionine, or choline supplements. 
The difference is probably due to the time fac- 
tor. 

It is probable that methionine and/or 
choline play a role in the hypocholesterolemic 
response to low-protein feeding in man as they 
do in the rat. This is shown by a metabolic 
study of a mildly hypercholesterolemic but 
otherwise healthy middle-aged alcoholic female, 
FK, presented in Figure 4. During the first 
25 days, the effect of the routine low-protein 
moderate fat diet described above is shown. 


St100-400 


Serum lipoproteins, mg/100 ml 
Low density (8) 


Serum lipids, mg/100 ml 


TABLE VI 


Effect of a Low-Protein, Low-Choline Diet Upon Serum Lipids and Lipoproteins in Man* 


Protein 


* AK—male 41 years of age. 
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Fig. 3. Liver biopsy specimens obtained from patient AK during the low-protein study. 
obtained while subject was fed the control diet containing 100 g of protein. 
of feeding the 25 g protein diet are shown in (B) (2 weeks); (C) (4 weeks); and (D) (10 weeks). 
liver cells which are large, well-outlined, and polyhedral with light finely granulated cytoplasm. 
vacuoles resembling those out of which fatty material has been dissolved. Some of the liver cells contain finely 
divided yellowish-brown pigment granules. All sections fixed in formalin and stained with haematoxylin and 
eosin (X 280). 


Her hypocholesterolemic response over the 
one-week period was impressive and was abol- 
ished by refeeding the 100 g protein diet. She 
was then fed ad libitum for a week followed by 
the rice-fruit regimen, low in protein and fat. 
On the latter diet, her cholesterol came down 
approximately to that seen with low-protein 
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(A) Liver tissue 
Liver tissue obtained after intervals 
All sections show 
There are no 


feeding previously, and the pattern of change in 
nitrogen balance was essentially identical to 
that seen in the previous test. Butterfat was 
then added to the rice in amounts isocaloric 
with the fat fed during the control period and 
in this patient there was no response of the 
serum cholesterol to the addition of dietary fat. 
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A supplement of lipotropic factors (Methis- 
col®) supplying 2.5 g of choline dihydro- 
gen citrate (equivalent to 0.87 g choline), 
1.0 of pt-methionine, 0.75 g of inositol, 0.78 g 
of liver concentrate, and 18 yu of vitamin B,. was 
added and, without any other change in the 
diet, there was a prompt hypercholesterolemic 
response with restoration of the serum choles- 
terol to its previous ‘‘normal” value. Eleva- 
tion of dietary protein to 100 g in the last period 
had no further effect upon the serum cholesterol 
value. Although the multiplicity of factors in 
the supplement makes interpretation difficult, 
it seems probable that methionine and/or cho- 
line were the active factors. Further studies of 
this kind are in progress with single lipotropic 
supplements to define clearly the nutrient re- 
sponsible for the effect. Not all patients are 
totally unresponsive to the addition of butter- 
fat to the rice diet, as was FK, but only slight 
to moderate rises are noted. In our experience 
addition of protein or lipotropic factors is essen- 
tial to obtain a return of the serum cholesterol 
to the previous control value. 


SUMMARY AND CONCLUSIONS 


Choline deficiency in the young adult rat 
causes a marked alteration in fat transport 
with an increase in liver fat and a decrease in 
the level of serum cholesterol, phospholipid, 
and triglyceride. There is a concomitant re- 
duction in the concentration of the high-den- 
sity a-lipoproteins and virtual disappearance 
of the low-density §-lipoproteins. Although 
added methionine (as casein) tended to prevent 
the hypolipemia in the rat, and ethionine causes 
a similar hypolipemia in the dog,®* the effective- 
ness of choline in preventing the effect on low- 
methionine diets suggests that choline is the 
metabolite principally involved. Its precise 
mode of action in increasing mobilization of 
liver fat is still not known. In contrast to man, 
the degree of unsaturation of the dietary fat fed 
to the rat in the presence or absence of choline 
does not appear to affect its serum lipid pattern. 

Studies in the human have shown that reduc- 
tion of dietary protein and choline without al- 
tering dietary fat or calories causes hypocholes- 
terolemia and hypo-§-lipoproteinemia in man. 
The amino acids possibly involved in this effect 
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Fig. 4. Metabolic study of FK, female, 41 years. 
Body weight and serum cholesterol are plotted at the 
top. Next below, the dietary nitrogen is plotted up- 
ward from the zero line. Fecal nitrogen is then plotted 
downward from the intake line and urinary nitrogen is 
plotted cumulatively downward from that. The nitro- 
gen balance is read directly as a displacement of the 
inverted bar from the zero line—positive above the 
zero line and negative below the zero line. Caloric 
intake is plotted at the base of the chart with calories 
contributed by fat at the bottom. Lipotropic therapy 
was given as indicated from the 50th to the 55th day. 


include methionine (which appears to be limit- 
ing), lysine, tryptophan, and threonine (which 
are marginal). The hypocholesterolemia does 
not parallel the degree of negative nitrogen bal- 
ance and persists as long as the low-protein ra- 
tion is fed. The failure of Keys and Ander- 
son®® to observe an effect of dietary protein 
upon serum cholesterol in schizophrenic men 
was probably due to the high range of dietary 
protein studied (64-138 g/day). 

These studies support the central role of the 
liver in fat transport and show that dietary 
protein and choline may influence not only 
liver fat content but also the concentration of 
the serum lipids and lipoproteins in rat, dog, 
monkey, and man. It has been shown, further, 
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that the hypolipemia of kwashiorkor can be 
quickly corrected by the administration of fat- 
free milk powder.”:8 Whether diets low in 
animal protein tend to protect adult human 
populations from atherosclerosis by virtue of a 
“defect” in fat transport is not clear. All of 


the available clinical and epidemiologic evi- 
dence would suggest that dietary protein, par- 
ticularly animal protein, as well as fat, plays a 
role in the control of serum lipid levels in man 
and may be a significant environmental factor 
in the development of atherosclerosis. 
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DISCUSSION 


Dr. M. K. Horwitt (University of Illinois, College of 
Medicine, Urbana, IIl.): The part of this which interests 
me the most and I think deserves a little more comment 
than it has had in the past two days, is an evaluation 
of the cholesterol level in the blood as a function of 
changes in metabolism. In other words, we have not 
said enough about the most important source of choles- 
terol, the endogenous source. The fact is that the 
liver has to be healthy in order to make cholesterol, 
and any liver which is inadequate, for nutritional or 
other reasons, possibly will not produce cholesterol at a 
rate which is considered normal. 

Important among the factors which might affect the 
levels of cholesterol in the blood, or might affect choles- 
terol synthesis, are the toxic compounds. I think it is 
pretty well known that chloroform, phosgene, and 
vanadium will give you a type of liver dysfunction 
which will lower cholesterol in the blood as a secondary 
effect to the production of fatty livers. Starvation will 
lower cholesterol, as will exercise. There is no better 
demonstration of the lowering cholesterol than one I 
saw within the past two weeks, when we gave a good 
dose of triiodo-thyronine to a group of individuals and 
cholesterol in serum dropped from an average of 180 to 
an average of about 130 mg/100 ml in a ten-day period. 

If these cholesterol levels are indeed lowered by liver 
pathology or liver dysfunction, we may have to think 
of a protein depleted diet as being one which supplies 
insufficient amino acids to make the proper enzyme 
systems to synthesize cholesterol. In the absence of 
protein one does not have optimum liver function, nor 
does one obtain the normal levels of cholesterol. 

This of course has been demonstrated indirectly in a 
study at Elgin of patients after a five-month period 
on a diet producing approximately 45 g of protein. 
Dr. Kark and the other clinicians working with him 
found what they thought to be incontrovertible evidence 
of liver dysfunction both by physical diagnosis and by 
interpretation of bromsulphalein retention tests. The 
levels of the bromsulphalein which were noted in our 
patients after five months on the low-protein diet 
ranged as high as 18 per cent retention. After a regi- 
men of increased protein, the bromsulphalein retention 
tests gave more normal data. Because of the lateness 
of the hour, I decided not to use any slides to demon- 
strate this and perhaps to leave some time for Dr. 
Kark to make some comments about those particular 
experiments. 

The major point in this discussion is to call attention 
to the fact that many of the procedures that we might 
use to lower cholesterol in the blood might possibly be 
doing this by decreasing other physiologic functions. 
I don’t want to imply that when we treat patients 
with unsaturated fatty acids the unsaturated fatty 
acids decrease the ability of the liver to synthesize 
cholesterol, but to date I have not found any proof 
that they do not. 


Dr. M. Kark: I have nothing more to add. 
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Dr. Artom: I do not know if this is the place to 
discuss experiments on rats, since Dr. Olson has been 
talking mostly about lipids in human serum. But I 
have been very much interested in his experiments on 
rats because Dr. Lofland and I have done similar 
experiments with rats on a somewhat different diet, 
containing 8 per cent casein. At first with this diet 
we had about the same results that Dr. Olson had with 
his 18 per cent soy protein diet; that is, very low levels 
of all serum lipids, which are raised considerably by 
supplementing the diet with choline. This seemed to 
be in line with the idea that choline favors the mobili- 
zation of lipids from the livers. 

However, the results were different when we modified 
the diet. I hesitate to report these results, because 
thus far we have not made many experiments. But 
when, for instance, we tried to make our diet a little 
better by adding some threonine and some cystine, 
we were unable to detect any significant effect of 
choline when this was also added to the diet. 

In no case have we seen a sudden increase in the 
serum lipids after choline was given by injection let 
us say one hour, or two hours, before the blood was 
drawn. So it seems that when there is an effect of 
choline on serum lipids, this is apparent only after the 
substance has been given for a prolonged period. This 
would perhaps tie these results with the synthesis of 
the protein moiety of lipoproteins rather than with a 
mobilization of the free lipids. 


Dr. Gabuzda: I might ask one brief question of Dr. 
Wilgram. Does he think that Dr. Olson’s diet 
would produce fatty liver lesions in his monkeys? 


Dr. Wilgram: Dr. Olson, may I recapitulate: How 
high was the protein content of your diet? 


Dr. Olson: Each subject received 25 g a day. 
Twenty-five out of about 500 g of total solids would 
give about 5 per cent of total protein. 


Dr. Wilgram: This was first-class protein, was it? 


Dr. Olson: No, it was not first-class protein. It was 
vegetable protein, legumes, cereals, and certain other 
vegetables. 


Dr. Wilgram: 1 am sorry, Dr. Gabuzda, I cannot 
answer this offhand. I apologize for this. The diets 
we use at the moment contain 10 per cent soya protein 
and 10 per cent alcohol-extracted peanut meal. While 
this gives 20 per cent of protein as such by weight, it 
actually gives only 12 per cent good protein. I rather 
feel that the same diet used by Dr. Olson would produce 
some degree of fatty liver in our animals. However, 
this is just an opinion. 


Dr. Zilversmit: I want to make one comment 
on Dr. Olson’s statement that in his hypolipotropic 
diets the blood serum lipids go down and at least in 
private conversations he has implied to me that on 
hypolipotropic diets you are bound to get low serum 
lipids. I think Dr. Wilgram also made such a state- 
ment. 
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This is true I feel in part. Certainly with choline 
you seem to get higher lipid levels than without 
choline in the diet. On the other hand, the type of 
hypolipotropic diet which we use and which was de- 
scribed yesterday will give much higher serum lipid 
levels (cholesterol, phospholipids, and triglycerides) 
than rabbit chow. 

So this hypolipemia is a relative affair. In absolute 
terms you can obtain definite hyperlipemias in certain 
animals fed diets that are very low in lipotropic agents. 


Dr. Jack D. Myers: Since there is interest in any 
alteration of other liver functions concomitant with 
this depression of cholesterol, the Chair might comment 
that some years ago we studied a group of patients on 
the Kempner rice diet, low in fat and low in protein, 
using the bromsulphalein clearance technic, which 
is a much more delicate technic than the standard 
BSP test for hepatic function (Stanford Med. Bull. 13: 
2, 1955). In such patients, along with the reduction in 
serum in cholesterol, one can quite regularly demon- 
strate a retention of bromsulphalein. Whether these 
two phenomena are connected is still an open question. 
There certainly seems to be some liver dysfunction 
when one tinkers with the diet in the way we have 
heard described. 


Dr. Olson (closing remarks): With regard to Dr. 
Horwitt’s mention of a possible effect of low-protein 
feeding upon the endogenous synthesis of cholesterol 
in the liver, the point is very well taken. We really 
do not understand as yet the mechanism by which 
low-protein or hypolipotropic diets reduce the serum 
lipids in both rat and man, nor are we necessarily 
saying that lowering the serum lipids in this manner is 
“good.” Our preliminary isotopic experiments em- 
ploying acetate-1-C'4 as a tag for newly synthesized 
cholesterol in the rat, indeed suggest that there may be 
some decrease in the biosynthesis of hepatic cholesterol 
in the choline-deficient rat. Whether this is also true 
in man we cannot say, although we are hoping to study 
this in the near future. We know that there is a con- 
siderable flexibility in the synthesis of cholesterol by the 
liver, depending upon the intake of cholesterol, but the 
extent that this is influenced by other nutrients has 
not yet been determined. 

With regard to the comparison between our studies 
and those of Drs. Kark and Horwitt (J. Lab. & Clin. 
Med. 42: 823, 1953), I should like to ask either Dr. 
Kark or Dr. Horwitt which amino acid was limiting in 
their studies. As I recall, the object of these experi- 
ments was to explore the tryptophan-niacin inter- 
relationship. 


Dr. Horwitt: Threonine, lysine, and tryptophan 
were all borderline. 


Dr. Olson: In our diets, which supply only 4.0 g 
of nitrogen as compared with the 6.5 g fed in yours, 
the limiting amino acid appears to be methionine 
although lysine, threonine, and tryptophan are present 
in marginal amounts. As already mentioned, our 
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patients are in negative nitrogen balance for as long 
as ten weeks, but the extent of the negative balance 
during the last three weeks is as low as 0.1-0.2 g daily. 
Further, the extent of the negative nitrogen balance 
does not appear to bear a direct relationship to the 
extent of the hypocholesterolemia. It also would 
seem, in reference to Dr. Myer’s comment about 
bromsulphalein retention in patients fed the rice diet, 
and to the changes observed by Dr. Kark and his 
group that this evidence of liver dysfunction comes 
much later than the hypocholesterolemia which is 
prompt and reaches a basement level in two to three 
weeks. In our patients, studied thus far for shorter 
periods, no bromsulphalein retention has been noted. 
On the other hand, most observers agree that severe 
parenchymatous liver disease resulting in crippling 
cirrhosis or hepatic coma, for example, results in a drop 
in total as well as ester serum cholesterol. 

As regards the mechanism of the “‘corn oil effect’ 
upon serum lipids, Hellman, Rosenfeld, Insull, and 
Ahrens (J. Clin. Investigation 36: 898, 1957) reported 
to the American Society of Clinical Investigation last 
spring that an isotope study of a hypercholesterolemic 
subject given butter and then corn oil as the sole 
source of dietary fat revealed that the feeding of corn 
oil was associated with a greater excretion of radio- 
active sterol in the stool without a change in the slope 
of the specific activity-time plot of serum cholesterol. 
Whether the effect is primarily one of biliary excretion 
or intestinal absorption is not yet determined. 

Dr. Artom’s comments in reference to his own 
observations on the effect of an 8 per cent casein diet 
in causing general hypolipemia in the rat is of great 
interest to us. I am not surprised to learn that the 
administration of choline to his animals on this regimen 
did not cause an immediate effect upon serum lipids. 
In our patients, the return of the serum cholesterol to 
normal or hypernormal with change from a 25 to a 100 
g protein diet takes several days. In the patient fed 
the low-protein diet for ten weeks and then returned 
to the control 100 g protein diet, the serum cholesterol 
went from 213 to 317 mg per 100 ml, a hypernormal 
value, over the course of two weeks. 

With regard to the suggestion that specific amino 
acids may control the elaboration of the protein moiety 
of the 8-lipoproteins, and hence account for the “‘low- 
protein” effect, this is a definite possibility and has not 
been ruled out by any data which we have at the 
moment. 

As to Dr. Gabuzda’s question to Dr. Wilgram, 
regarding the comparability of our experiments in man 
and Dr. Wilgram’s in the monkey, we do not know any 
factor which will provide exact transposition of data 
from one species to another. As regards the negative 
liver biopsies which we have obtained in our patients 
on low-protein diets, we have guessed that on the basis 
of comparative metabolic rates, or comparative life 
spans, a diet which produces a marked fatty change in 
a rat liver in one week, and our 25-g protein diet does, 
should produce some change in a human liver in 10 
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weeks. Mice respond to given hypolipotropic diets 
with much less fatty infiltration than do rats, whereas 
on a ‘‘metabolic rate yardstick” they should be worse. 
We feel that there are definite species variations in the 
response to hypolipotropic nutrition, some being 
explained by variations in C,-metabolism and some as 
yet unexplained. 

Finally, with reference to Dr. Zilversmit’s comment, 
I would say that there is no doubt that various absolute 
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concentrations of serum lipid can be obtained in studies 
of choline deficiency in different species, particularly, 
when the fat content of the diet is varied. The rat is 
not sensitive to the fat intake, as regards serum lipids, 
whereas the dog is moderately sensitive, and the rab- 
bit maximally so, probably because of a basic spe- 
cies-linked clearing defect. We can only say that in 
choline deficiency in different species there is relative 
hypolipemia, and in some instances it is absolute. 
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Effect of Lipotropic Factors Upon Serum 


Lipids and Vascular Disease in Man 


THADDEUS D. LABECKI, M.D., F.A.C.P.* 


T HAS BECOME almost universally accepted 
that disturbance in lipoprotein metabolism 
is but one phase in the chain of events leading to 
atheroma in man. It is obvious that since we 
have little or no control over other contribut- 
ing factors,’ our efforts must be aimed at the 
correction of the disturbed lipoprotein metabo- 
lism, through dietary or other means. 

The purpose of this presentation is to sum- 
marize the position which the so-called lipo- 
tropic factors occupy in the admittedly poor 
armamentarium with which we have to combat 
vascular disease in man. They have been 
administered for the last several years not as 
palliative agents (which vascular dilating 
agents are) but as allegedly therapeutic sub- 
stances aimed to correct at least one abnormal- 
ity leading to the causation of atheroma. A 
few investigators have also expressed the hope 
that regression of the lesions might be induced 
but so far that remains in the realm of animal 
experimentation. It is perhaps fitting that at 
the close of this Symposium a bit of soul search- 
ing be indulged in; and, instead of reviewing 
further the subjects already discussed by other 
speakers, I will limit myself to posing certain 
clinical questions and attempt to answer them, 
if at all possible. 

The questions to be discussed are the follow- 
ing: (1) What, if any, is the effect of lipo- 
tropic substances on the serum lipids in human 
beings? (2) Is there reasonable justification 
to administer those substances as preventive 
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and/or therapeutic agents? (3) Should we 
properly include other substances (other than 
choline, methionine and inositol) into that 
traditionally esoteric ‘‘family’’ of lipotropic 
agents? (4) If so, what is the effect, if any, of | 
those “‘other lipotropic substances?” 

An aberration in lipid metabolism can reflect 
itself in a number of ways, and various indices 
have been employed to evaluate lipid and lipo 
protein metabolism of man. Historically and 
because of expediency, total—and at times es- 
terified—serum cholesterol have been most 
frequently studied both in humans and in ex- 
perimental animals. It will be out of place to 
contrast the group correlation with the sig- 
nificance in an individual case. There is an 
agreement among most, if not all of us, that as 
a group the premature and/or far-advanced cor- 
onary atherosclerosis subjects show higher 
serum cholesterol levels than do individuals 
with no, much less pronounced, or late athero- 
sclerosis.2~* Similarly, in studies of popula- 
tions allegedly suffering less from coronary ar- 
tery disease, lower total serum cholesterol lev- 
els have been demonstrated than in comparable 
Western populations. Since the effect of lipo- 
tropic factors on total serum cholesterol levels, 
particularly in human beings, has been a mat- 
ter of considerable controversy (Am. J. Med. 
11: 107, 1951) I present herein the results of a 
previously published study of ours in which 
serum cholesterol and chylomicron counts were 
carried out in a group of patients with myocar- 
dial infarction and in a group of “healthy” 
controls.2, The so-called infarction group 
(Table I) consisted of 77 patients, all of whom 
presented unequivocal electrocardiographic evi- 
dence of myocardial infarction in the past. 
There were 216 subjects in the non-infarction 
group; of these 139 were 55 years of age or 
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TABLE I 
Composition of Groups Under Observation? 
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Non-infarction group 


Age group WF CM 
Under 45 years 28 0 
45-54 years 49 19 7 9 
55-64 years 42 7 9 17 
65-74 years 34 16 14 2 
75 years and over 63 13 50 0 
Not stated 0 0 0 0 
Total 216 100 28 


Infarction group 
WM WF CM CF 

0 1 0 

14 20 17 1 1 1 
9 29 22 5 1 1 
2 1l 8 2 1 0 
0 0 0 0 0 0 
0 3 2 0 1 0 
25 8 5 2 


older. The difference between the means for 
the total cholesterol of the two groups was 
four times higher than the standard error of 
difference. 

The chylomicron levels referred to in Table 
II mean the percentage of particles 0.3 u in di- 
ameter and larger in relation to the total num- 
ber of visible fatty particles as studied by the 
technic described by us.” The difference be- 
tween the means of the infarction and non-in- 
farction groups, as far as chylomicron levels 
are concerned, was 9.2 times the standard er- 
ror. When subjects were divided into groups 


TABLE II 


Mean Value, Standard Deviation, and Standard Error 
of Mean of Chylomicron Level and Total and Esterified 


Cholesterol? 
Descriptive Noh-infarction| Infarction 
measurements group* group 

Chylomicron level 

Persons tested 136 75 

Mean, % 35.8 42.7 

Standard deviation 7.65 7.1 

Standard error of mean 0.65 0.82 
Cholesterol 

Persons tested 137 68 

Mean, mg per 100 ml 266.7 304.9 

Standard deviation 56.7 67.9 

Standard error of mean 4.9 8.2 
Cholesterol esters 

Persons tested 128 66 

Mean, mg per 100 ml 188.4 200.8 

Standard deviation 43.2 50.7 

Standard error of mean 3.8 6.2 


* Excludes all persons under 55 years of age. 
From: Labecki, T. D.: Am. J. CLin. Nurririon 3: 
135, 1955. 


WM—white male; CM—colored male: WF—white female; CF—colored female. 
From: Labecki, T. D.: Am. J. CLin. Nutrition 3: 132, 1955. 


according to age, the patients with infarction 
showed surprisingly similar mean chylomicron 
ratios in all age groups and the ratios were al- 
ways statistically significantly higher than the 
mean group values for the non-infarction sub- 
jects. 

Sixteen patients with electrocardiographi- 
cally proved myocardial infarction in the past 
were put on lipotropic regime, consisting of 2 
g of choline, 1 g of methionine, over 600 mg of 
inositol administered in capsule form. Because 
we have observed a significant increase of the 
chylomicron levels in the presumably non- 
atherosclerotic females 65 years of age and 
older,” it was deemed advisable to administer 
the lipotropic substances to 26 white females 
with a mean age of 77 years, all of whom are 


TABLE Ill 


Effect of Administration of Lipotropic Substances on 
Fasting Chylomicron Levels® 


Period of administration, 
4 9 12 
Non-infarction group 
Number of persons 25 24 11 
Mean difference —5.56 | —10.36 | —8.19 
S.D. 4.73 6.34 3.22 
Statistical significance | Yes Yes Yes 
Period of administration, 
weeks Up to 9 9 or more 
Infarction group 
Number of persons 11 11 
Mean difference —7.94 —15.72 
$.D. 6.16 7.57 
Statistical significance Yes Yes 


— Signifies decrease (see reference * for details). 
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TABLE IV 
Effect of Administration of Lipotropic Substances on 
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Total Serum Cholesterol and Cholesterol Esters® 


Period of 
administration, weeks 


9 12 


Non-infarction group 
Cholesterol 
Number of persons 
Mean difference* 
S.D. 
Statistical signifi- 
cance 
Cholesterol esters 
Number of persons 
Mean difference* 
S.D. 
Statistical signifi- 
cance 


25 
+11.16 
20.80 


Borderline 
25 

—6.22 
20.16 


No 


Period of 
administration, weeks 


Up to 9 


Infarction group 
Cholesterol 
Number of persons 
Mean difference* 
S.D. 
Statistical signifi- 
cance 
Cholesterol esters 
Number of persons 
Mean Difference* 
S.D. 
Statistical signifi- 
cance 


12 
—13.46 
30.42 


No 

12 
+2.25 
28.37 


No 


11 
—25.44 
37.50 


Borderline 
11 

—14.80 
46.50 


No 


— Signifies decrease; + signifies increase (see refer- 


ence 5 for details). 


* Mean difference in mg/100 ml. 


permanent residents of a home for aged ladies. 
Table III shows the effect of administration 
of lipotropic substances on fasting chylomicron 


levels. 


In both the infarction and non-infarc- 


tion groups there was a statistically significant 
depression of chylomicron levels following 
rather intensive therapy with lipotropic agents. 
This effect seems to become demonstrable three 
to four weeks after initiation of an adequate re- 
gime and continues during the period of ad- 
ministration and for a short time following dis- 
continuation. This ‘after effect’? varies in 
duration from individual to individual but 
usually lasts for several weeks.® 

Table IV shows the effect of administration 


of lipotropic substances on total serum choles- 


be studied further. 
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terol and cholesterol esters in the non-infarc- 
tion group and in the infarction group. In the 
group with myocardial infarction prolonged 
administration of the lipotropic factors—that 
is, nine weeks and longer—resulted in border- 
line statistical significance in the lowering of 
total serum cholesterol levels. There was lit- 
tle effect on the cholesterol levels if the regime 
was continued for a period of less than nine 
weeks. During the first four weeks of admin- 
istration of the lipotropic substances to the 
non-infarction group, there was an increase in 
the total cholesterol levels which was of border- 
line statistical significance. 

Since the effect on chylomicron levels ap- 
peared to be of considerable statistical signifi- 
cance, the effect should be viewed against the 
known mean variability in the chylomicron 
levels. This mean variability for 31 individ- 
uals tested on repeated occasions during one 
year was 2.3 per cent. For 16 individuals re- 
peatedly tested by the same technical person- 
nel during the second year of the study, it was 
1.7 per cent, giving an over-all: mean for the 
two-year period of 2.0 percent. The split sam- 
ples of the same tests performed blindly rarely 
differed by more than 2.0 per cent. In our 
hands a comparable mean value for cholesterol 
variation was 17.9 mg/100 ml and 12.9 mg/100 
ml for the esterified fraction of cholesterol.5 

Our findings summarized above were subse- 
quently confirmed by Rawls and associates and 
recently published.® 

The effect of lipotropic agents in lowering the 
chylomicron levels appears to be surprisingly 
consistent. Whether the action of choline and 
methyl-group donors like methionine and be- 
taine and whether the action of inositol is to 
provide components of phospholipids and thus 
increase the phospholipid serum content should 
Such an increase might be 
reflected, from the physical standpoint, by the 
increase in the smaller (0.1 to 0.2 micron) visi- 
ble fatty particles and perhaps other particles 
in the ultra-microscopic segment, thereby caus- 
ing a relative decrease in the chylomicron con- 
centration. Thus the action of lipotropic sub- 
stances may be postulated as creating a shift in 
the levels of lipoprotein macromolecules of 
various sizes. This might very well be the ex- 


24 12 
—0.02 | +0.29 
20.42 26.50 
No No 
24 12 . 
+0.79 | +4.38 
25.27 43 .23 
| 
| || No No a 
a 
| 
| 
| = = 
a 
i 
ak 
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planation of the cholesterol-stabilizing effect of 
the phospholipids. 

Among the indices of atherogenesis, as far as 
lipoprotein metabolism is concerned, the rela- 
tive concentration of a- and #-lipoproteins ex- 
pressed conveniently as a-to-8-lipoprotein ratio 
has become, in the opinion of many, the most 
reliable and sensitive index. Again it would be 
superfluous to cite the data of other investi- 
gators. 

In our study’ 21 individuals were chosen as 
control subjects, 19 males and 2 females, rang- 
ing in age from 10 to 44 years and including one 
3-year-old child.* The basic requirement was 
the absence of clinically demonstrable disease of 
cardiovascular or any other nature. A second 
“control” consisted of pooled serum from 
healthy blood donors. As the experimental 
group, 25 patients, 16 males and 9 females, age 
36 to 78 years, with unequivocal evidence of 
coronary atherosclerosis (as evidenced by one 
or more attacks of myocardial infarction)—and 
who have been under our continuous observa- 
tion for from four to five years with monthly 
determination of serum lipids—were chosen as 
subjects for this study. 

The range of a- to 8-lipoprotein ratio for the 
control group varied from 0.41 to 1.10 with 
the mean of 0.729. The means on multiple 
runs of pooled serum from presumably healthy 
blood donors varied from 0.62 to 0.67. It was 
gratifying that the relatively small group of our 
control individuals differed insignificantly from 
the mean of the pooled serum which represented 
sera of many clinically healthy individuals. 

The a- to 8-lipoprotein ratio for the coronary 
group, however, was 0.461. The mean a-to-f- 
lipoprotein ratio in the coronary group differs 
statistically significantly from the mean for the 
control group, i.e. both the group of 21 individ- 
uals and pooled serum samples. 

Because of our experience with the apparent 
synergistic action of lipotropic agents, we ad- 
ministered those substances to a group of pa- 
tients with coronary artery disease and studied 
the a- and f-lipoproteins and cholesterol levels 
at monthly intervals. We could detect no shift 
in a- to 8-lipoproteins; indeed we were im- 


* The a- and B-lipoproteins were determined by our 
modification of paper electrophoresis.’ 
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pressed by the reproducibility of the results 
from test to test and by the constancy of the 
lipoprotein levels either with or without lipo- 
tropic regime. 

Sinclair, and others*:* have postulated that 
atherosclerosis is possibly intensified by a die- 
tary deficiency of the unsaturated fatty acids 
such as linoleic, and arachidonic. Our next 
step was stimulated by this and other reports” 
on the effect of certain vegetable oils rich in es- 
sential unsaturated fatty acids on serum lipids. 
Because I question the advisability of admin- 
istering large doses of fatty acids, either satu- 
rated or unsaturated to individuals with pre- 
sumably disturbed lipoprotein metabolism, I 
decided to administer rather moderate doses, 
in capsule form, of safflower oil which is a rich 
source of linoleic acid, an acid which, as is well 
known, possesses a very high iodine number. 
Administering doses of 4 g of safflower oil per 
day over a prolonged period of time produced 
no demonstrable shift in the a- and p- end 
teins or in cholesterol levels. 

I would like to summarize our experience 
when we combined lipotropic substances, 
namely, 1 g of pL-methionine, 750 mg of inosi- 
tol and 1 g of choline with 3 g of safflower oil 
yielding approximately 2 g of linoleic acid 
daily. In capsule form this was supplemented 
with 4 mg daily of pyridoxine in divided doses. 
The latter inclusion was due to the several re- 
ports, notably that of Whitten and Holman"! 
which have shown that pyridoxine is necessary 
for the formation of arachidonic and hexaenoic 
acid from linoleic and linolenic acids. This sug- 
gests that the interrelation between pyridoxine 
and those acids is manifested by a sparing ef- 
fect of one when deficiency of the other is in- 
duced. The results which will be briefly sum- 
marized here are the subject of a separate pub- 
lication.’ It is gratifying that the trend which 
we detected up to a 30-week interval has been 
maintained and we have that confirmation by 
subsequent monthly checks. 

The action of safflower oil combined with 
lipotropic substances effected an increase ratio 
of a-to-8-lipoproteins which was in evidence at 
a 12-week interval, but when submitted to 
statistical analysis was found to be of border- 
line statistical significance for that duration of 
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TABLE V 


Effect of the Administration of Combined Safflower Oil 
and Lipotropic Therapy upon Serum Lipoproteins 


Infarction group 


Differ- 
ence ob- 
served 


18 Wks. | 
f 


Control 
group 


Serum 


o 
lipoproteins therapy 


No. persons 21 

a: B-lipoprotein 
ratio 

Mean difference 

Standard devia- 
tion 0.194 

Standard error 0.040 


therapy. At the 18-week mark, findings in 21 
out of 25 patients were as follows (four cases 
were omitted because samples were unavailable 
at the 18-week mark): The average a-to-6- 
lipoprotein ratio before administration of saf- 
flower oil plus lipotropic substances was 0.461 
and changed to 0.580 after 18 weeks of therapy, 
as shown in Table V. The odds against occur- 
rence of a deviation as great as, or greater than 
0.12 (the increase in the a-to-8-lipoprotein ra- 
tio after 18 weeks) are approximately two mil- 
lion to one. When we compare the presumed 
normal group with the treated group of 21 pa- 
tients after 18 weeks of therapy, we find a dif- 
ference between the two means of 0.149, still 
in favor of the presumed normal group. Al- 
though a significant increase in the a-to-6- 
lipoprotein ratio was observed after adminis- 
tration of safflower oil combined with lipo- 
tropic substances, the average ratio for the 21 
coronary patients under consideration is still 
statistically significantly lower than that for 
the presumed normal group. Six out of 25 
“coronary” patients showed a definite de- 
crease in total serum cholesterol levels at the 
18- or 30-week period. 

Our experimental approach differed from 
other studies in several respects; (1) Instead 
of replacing animal fats in the diet, we supple- 
mented the normal diet by moderate doses of 
a substance rich in unsaturated fatty acids 
and combined it with lipotropic substances. 
(2) Although we also were determining total 
serum cholesterol, we emphasized the a-lipopro- 
tein to 8-lipoprotein ratio as a sensitive index; 
permanent records are maintained for future 
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reference and as a double check of the efficacy 
of the regimen. (3) In view of the dislike 
of many patients to ingest large amounts of a 
drug and because of our firm conviction that 
it may not be conducive to their welfare to ad- 
minister large doses of vegetable oil, we used 
moderate doses of a substance rich in the un- 
saturated fatty acid, linoleic acid. That our 
findings are not inconsistent with the results 
reported by others is proved by report of Kin- 
sell and associates!* who found that the intake 
of 2.0 g of linoleic acid over a 24-hour period 
resulted in a prompt and profound decrease in 
plasma cholesterol and other lipid fractions. 
Our moderate doses of safflower oil combined 
with lipotropic factors resulted in a decrease of 
cholesterol in 6 patients out of 25. In our 
laboratory the technical error for any one choles- 
terol determination is +14 per cent. Well- 
controlled daily cholesterol determinations, 
however, result in surprisingly little variation 
in serum cholesterol from month to month in 
a given patient as was demonstrated in the case 
of the subjects in this study. _ 

We obtained no shift in the a-to-@-lipopro- 
tein ratio and no change in the serum choles- 
terol levels when we administered lipotropic 
substances alone, or safflower-seed oil alone. 

The meaning of the lipoprotein shift ob- 
served on combined therapy might be subjected 
to syllogistic reasoning; the a-to-@-lipopro- 
tein ratio (high in young, healthy females) is 
markedly increased in patients under the in- 
fluence of estrogenic substances or parenteral 
administration of heparin. The protective 
action of estrogenic substances and heparin 
are well known and disputed by few; the in- 
crease in the ratio should be considered as a 
salutary phenomenon from the patient’s stand- 
point. I would like to make a sincere plea for 
others to follow this line of thinking and at- 
tempt to duplicate our results using similar 
technics and similar doses of the safflower seed- 
oil and lipotropic factors. 

The question posed at the beginning of this 
report asked whether there is a justification for 
administering lipotropic factors as preventive 
and/or therapeutic agents, and the answer on 
the basis of objective studies, in my opinion, is 
positive. In light of our experience concerning 


| 
25 21 
0.461 | 0.580 — 
0.119 
0.170 | 0.02 
0.037 0.003 
4 
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the apparent synergism between unsaturated 
fatty acids and lipotropic substances, the an- 
swer as to whether these nutritional factors 
should be combined, again is positive. 

For a number of years, Dr. Louis Katz and 
his associates were strongly opposed to the con- 
cept of lipotropic factors playing any role in 
causation of atherosclerosis. I am happy to 
acknowledge that Dr. Katz and his associates 
changed their point of view.’* In a recent 
paper, Katz said, ‘““The key to understanding 
the essence of the atherosclerosis problem lies 
in appreciating that it is basically a metabolic 
disease. In particular, alterations in choles- 
terol-lipid-lipoprotein metabolism play a critical 
and decisive (but not exclusive) role in the 
pathogenesis of atherosclerosis. Without al- 
terations in cholesterol-lipid-lipoprotein metab- 
olism, clinically significant atherosclerosis 
would occur but rarely (if ever), particularly 
in middle age, regardless of the functional state 
of the cardiovascular system. 

The contemporary American diet, a peculiar 
by-product of civilization and the socio-econom- 
ics of our culture, is pernicious to the cardio- 
vascular system not only because of its excess 
in calories, lipids, and cholesterol (estimates 
indicate that the average American business 
and professional man ingests almost 60% of his 
total calories in the form of fats) but also be- 
cause it tends to be quite high in salt and in 
empty calories; i.e., calories derived from 
highly processed refined carbohydrates and 
fats (particularly animal fats and hydrogenated 
saturated vegetable fats), foods rich in energy 
but low in essential nutrients. Hence, the 
American diet, despite its high caloric level, is 
frequently inadequate, both relatively and 
absolutely, in specific vitamins, essential fatty 
acids, minerals, and amino acids. It is this 
acquired ‘rich’ and unbalanced diet that, by 
altering cholesterol-lipid-lipoprotein §metabo- 
lism, creates the decisive prerequisites on a mass 
scale for the ready genesis of atherosclerosis in 
the American population.’'!* 

The administration of lipotropic factors and 
other substances such as unsaturated fatty 
acids is obviously a corrective therapy which 
has sound experimental background. Two 
decades ago it was considered pharmacologi- 
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cally inelegant to administer more than one 
vitamin at a time. A few years ago even the 
word vitamin implied a bit of quackery. I 
hope that we have also matured as far as reali- 
zation of the importance of nutritional factors 
in metabolic processes is concerned ard thus 
in the causation of atherosclerosis. Lipotropic 
factors and other nutrients obviously play con- 
siderably important roles in that complex 
problem. 
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DISCUSSION 


Dr. J. Vester (University of Pittsburgh, Pittsburgh, 
Pa.): As I understand Dr. Labecki’s basic hypothe- 
sis, it is that the American diet, high in fat and pro- 
tein, may provide a relative deficiency of lipotropic 
factors which in turn may influence lipoprotein me- 
tabolism in such a way as to be deleterious to health. 
Whether this hypothesis will stand the test of time 
and further scrutiny, however, is questionable in my 
mind because both the high-“‘fat’’? and the high-pro- 
tein of the American diet supply fairly large amounts of 
lipotropic factors. 

Nevertheless, I was very much interested in some of 
the observations which were presented. Neither the 
lipotropic supplement (which was ample) nor the 
safflower oil supplement (which was minimal) had au 
effect on serum cholesterol or a@:8-lipoprotein ratio 
when given alone. This is not surprising in view of 
previous work with lipotropic supplements in man 
(Davidson, J. D., Am. J. Med. 11: 107, 1951) and of 
the studies of Ahrens et al. (J.A.M.A. 164: 1905, 
1957) in which it was shown that the effect of corn 
oil feeding upon serum cholesterol was considerably 
reduced when this dietary fat was reduced from 40 per 
cent to 10 per cent of calories. Could the synergistic 
effect of this relatively low dose of safflower oil with 
lipotropic supplements be due to an alteration in the 
iodine number of the plasma fatty acids such as re- 
ported by Tobian and Tuna in patients fed supple- 
mental corn oil? (Clin. Res. Proc. 5: 182, 1957)? In- 
asmuch as current estimates show that there is about 
5 g of linoleic acid present in the current “rich, un- 
balanced” American diet (Am. J. Pub. Health 47: 
1530, 1957) it seems somewhat improbable that an 
additional 2 g would appreciably influence the mean 
serum fatty acid unsaturation, but it remains a possi- 
bility. My last question relates to liver function. Is 
there any evidence that the therapy modified liver 
function and hence was instrumental in changing the 
a:8-lipoprotein ratio? 


Dr. Kark: 1 wonder if Dr. Labecki could tell us 
the exact lipotropic content of the diet fed his control 
group and the group on therapy? 


Dr. Olson: The Chair would like to ask one 
question: In terms of the change in ratio of a to B-lipo- 
proteins, observed with safflower oil lipotropic therapy, 
does this represent an increase in a, a decrease in beta, 
or a combination of both? I presume your technic in- 
volves paper electrophoresis and oil-red staining of 
the strips with elution of cholesterol from the stained 
areas. 


Dr. Labecki: I believe, Dr. Vester, it is quite correct 
that the dose of safflower oil is a critical factor in influ- 
encing serum cholesterol levels. I do question the ad- 
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visability, as I mentioned before, of administering large 
doses of any vegetable oil, saturated or unsaturated. 
We try to reach a “compromise’’ level. 

Your concept of change in the iodine number is a very 
intriguing possibility. That may be a possible explana- 
tion. I wholeheartedly agree with you that therapy 
in this field should aim to correct something which 
should have existed to begin with, either due to heredity 
or diet or other factors. 

The lipotropic supplement to the diet, which was 
mentioned before, consisted of not less than 2 g of 
choline, 1.25 g of pL-methionine, close to 1 g of inositol, 
and a minimum of 3 g of safflower oil, yielding about 2 g 
of linoleic acid. 


Dr. Kark: I don’t think you understood my question. 
These people are eating a normal American diet, and 
I would like to know the inositol, choline, and methio- 
nine content of that diet. 


Dr. Labecki: That isa very intriguing question. Un- 
fortunately, they consumed a ‘‘normal’’ southern diet. 
I have failed so far to determine the lipotropic content. 
I suspect it is not very high because of the large amount 
of vegetables and relatively little meat and dairy prod- 
ucts. It varies from individual to individual, but we 
make it a point not to change the dietary habits of the 
individual. 

Dr. Kark: The reason I bring up this point is that 
the normal northern diet in the U. S. A. contains large 
amounts of these lipotropic factors, and I can’t see that 
adding extra lipotropic factors would tend to do any- 
thing to the northern population. It may certainly do 
so in your population. 

Dr. Labecki: Possibly so. However, we may be 
dealing, as Dr. Vester mentioned, with the possibility 
of a relative deficiency; the more foods incorporating 
lipotropic substances consumed, the more calories con- 
sumed, thus creating a greater demand, for lipotropic 
substances. So there may be a relative deficiency even 
though we do increase the over-all intake of both 
calories and lipotropes. 


Dr. Olson: May I interpose a question? What per 
cent of these patients have any liver dysfunction or 
evidence of fatty liver? 


Dr. Labecki: We have not studied them as far as 
their liver function is concerned. 


Dr. Olson: Will you answer my question about 
the relative changes in a- and 6-lipoproteins? 


Dr. Labecki: I am sorry. Yes, we use the method 
you mentioned. 


Dr. Olson: Did the betas go down? 


Dr. Labecki: We obtained a change in the a-f ratio 
with a decrease in 8-lipoproteins. 
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___ Editorial 


Vitamin B:2 Absorption* 


ITAMIN By is the only known nutrient for 
which there is required a specific gastric 
secretion to promote its absorption. It is not 
known whether the intrinsic factor is absorbed 
with vitamin By. The predominant site of 
absorption in man is believed to be the ileum. 
Without this gastric secretion persons will be- 
come deficient in vitamin By in spite of a 
“normal” dietary intake. Vitamin By. which 
has been biosynthesized with radioactive 
cobalt as an integral part of the molecule has 
greatly facilitated the study of vitamin By 
absorption in health and in a variety of dis- 
eases. 
Absorption may be estimated from radio- 
activity in the feces, urine, plasma, or over the 
liver. The percentage of the oral dose which 
is absorbed decreases rapidly as the oral dose 
is increased above one or two micrograms. 
To have any meaning, the figure “percentage of 
the oral dose absorbed (or excreted)’’ must be 
stated in reference to the quantity of vitamin 
By: in the oral dose, and the range of normal 
will vary depending upon this quantity. To 
illustrate the importance of the quantity of 
vitamin By ingested, one should compare the 
average percentage of orally administered 
radioactivity which appears in the urine after 
a 0.5 wg dose with that appearing after a 2.0 
ug dose: 26 per cent vs. 11 per cent. It 
should be evident that the physiologic sig- 
nificance revolves around the quantity of 
the vitamin absorbed, mot the quantity of 
radioactivity. 
Vitamin By which is bound to intrinsic 
factor appears to be absorbed preferentially 


* This editorial has been prepared at the request of 
the Editorial Board. 


over the unbound vitamin given at the same 
time. Therefore, one must be certain that the 
intrinsic factor preparation being tested by 
radioactive-B,. technics is free of nonradio- 
active vitamin By. Because of the variability 
of patients with pernicious anemia, one must 
be wary of the comparison of intrinsic factor 
preparation A in patient A with intrinsic factor 
preparation B in patient B. It is better to 
compare preparations A and B in the same pa- 
tient. 
Recent publications have described the 
finding that several hog intrinsic factor prepa- 
rations, which were known to be active as 
sources of intrinsic factor in patients with 
pernicious anemia, inhibited the absorption of a 
single dose of vitamin Bz: by some normal per- 
sons. There is insufficient evidence to conclude 
that intrinsic factor preparations should be 
administered to persons who have normal 
gastric function. The available data demon- 
strate that this “inhibition” of vitamin By 
absorption in normals is probably due to 
hog or partially denatured intrinsic factor. 
Published data have demonstrated that hog 
intrinsic factor preparations given daily with 
vitamin By: over a period of months will raise 
the serum vitamin By levels of ‘‘normal’’ or 
elderly recipients. Of interest are the several 
reports of treatment of pernicious anemia with 
oral intrinsic factor-vitamin By. combinations 
over a period of many months. The hema- 
tologic relapse rate has been unexpectedly great 
and the serum vitamin B, levels have not risen 
to normal. It would appear that pernicious 
anemia and other forms of vitamin By-de- 
ficiency due to malabsorption of the vitamin 
should be treated by injections of the vitamin. 
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After the oral ingestion of ‘physiologic’ 
(i.e., 1-2 ug) doses of radioactive vitamin By, 
there is a delay of three to four hours before 
radioactivity appears in the plasma, and the 
maximum is reached at about eight to twelve 
hours. If a much larger oral dose of vitamin 
By is given, radioactivity will appear in the 
plasma much sooner. This second mechanism 
for absorbing at higher oral doses appears to 
be intact in patients with pernicious anemia. 
Sorbitol (D-sorbose) has been shown to 
enhance plasma vitamin By: levels in normal 
subjects given oral doses of the vitamin. It is 
possible that this action is due to a stimulation 


Letter to 


On ENHANCEMENT OF VITAMIN By ABSORPTION 


Dear Sir: 


The demonstration by Chow, Meier, and 
Free! of facilitation of enteral vitamin By. ab- 
sorption by admixture with p-sorbitol is of ex- 
treme interest, but this may not have been ‘“‘the 
first substance other than intrinsic factor’ 
shown to effect such absorption. Some time 
previously I reported in another connection? 
that on administration by mouth of crude, 
streptomyces-derived vitamin By concentrates 
emulsified in vegetable oil with sorbitan mono- 
oleate polyoxyethylene derivative (Tween 80) 
there appeared to be marked vitamin By assim- 
ilation as evidenced by the same pinkish “‘skin- 
flush” and copious diuresis which had been no- 
ticed in an occasional patient receiving large 
parenteral doses of cobalamine. Since the pa- 
tients in the particular series reported were not 
those with Addisonian anemia (and therefore 
may have had absorption conditioned by in- 
trinsic factor) another study was conducted 
with three patients with relapsant pernicious 
anemia. 

It had been determined previously that hy- 
droxycobalamine, cyanocobalamine, nitroco- 
balamine, and carbimidocobalamine were all 


the Editor 
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of gastric secretion of intrinsic factor. Data 
showing the effects of D-sorbose on vitamin By» 
absorption in patients unable to produce in- 
trinsic factor will be helpful in understanding 
the mechanism of action of this compound in 
normals. 

The above comments demonstrate a well- 
known truism in biology: the answers to yes- 
terday’s questions provide the framework for 
today’s problems.® 


—ROoOBERT F. SCHILLING, M.D. 
University of Wisconsin Medical School 
Madison, Wisconsin 


soluble in oleic acid-glycerol trioleate mixtures 
and that such solutions immediately dispersed 
to less than 0.5 micron droplet size in aqueous 
menstruums when 2 to 20 per cent of Tween 80 
was incorporated. A single, one ml dose of 
such Tween-oil-oleic acid solutions containing 
500 wg of hydroxycobalamine was given orally 
to each of three patients with pernicious ane- 
mia in relapse. 

However, because high oral dosing with or- 
dinary vitamin By preparations was already 
known to be followed by remission of classic 
pernicious anemia, this eventuation in all 
three patients was not used as a criterion for 
absorption. Instead, total 24-hour urine out- 
puts, both immediately before and after the 
test dosings were given to Dr. Roger Kersey of 
Chas. Pfizer and Company for vitamin By 
assay. These assays on the post-dosing speci- 
mens were rendered difficult because of unan- 
ticipated high vitamin By, content which neces- 
sitated repeated dilutions to get within the 
range of the assay procedure. 

It was finally determined that each patient 
excreted from 50 to 150 wg of vitamin By (ac- 
tivity) during the 24 hours following the 500 ug 
dose, an order of magnitude, which while not 
approaching that which would have followed 
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the parenteral administration of 500 ug of vi- 
tamin By, was certainly much greater than 
could be accounted for on the basis of intrinsic 
factor carriage. 

I had speculated (in the publication cited 
above) that the enteral absorption of vitamin 
By in Tween-oil solution might be conditioned 
by those same factors which operated in facili- 
tation by Tween of enteral absorption of any 
‘fat-soluble’ vitamin, which vitamin By be- 
comes in this instance. Such facilitation is 
usually explained by circumvention of the 
portal circulation through the regular ‘‘fat- 
droplet” route into the lacteal villi and thence 
to the thoracic duct. There is as yet no good 
reason for abandoning this explanation al- 
though the thesis posed by Chow, Meier, and 
Free may offer an alternative one for the ef- 
fects I observed. D-sorbitol is a constituent of 
the polysorbate macromolecule. Perhaps even 


as such it could effect transintestinal vitamin 
By transport. Polysorbate is hydrolyzed to 
some extent by pancreatic lipase;* one of its 
products could be p-sorbitol. 

Lipases, like all other enzymes, have syn- 


thetic as well as degradative actions and it oc- 
curred to Gordon that intestinal synthesis of 
“tweens” might take place if suitable hexitols 
were fed. It was known that a crude, dried 
streptomycin beer, naturally rich in D-mannitol 
was effective when given orally in megaloblastic 
anemia.‘ He and his co-workers reported simi- 
lar effectiveness of a vitamin B,2 sweetened with 
p-mannitol’ at about the same time as D-man- 
nitol was found by Greenberg’s group to have 
the same qualitative efficacy in facilitating vi- 
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tamin By: absorption by the intestinal tract of 
the rat, as does p-sorbitol. 


—RosBerT D. BARNARD, M.D. 
Division of Surgical Research, 
Harlem Hospital, 

New York City Department 
of Hospitals. 
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